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Abstract 
Phosphorus (P) is an essential non-substitutable nutrient for all living organisms, but it is also a 
dwindling non-renewable resource. Approximately two-thirds of the world’s supply of phosphate rock is 
located in China, Morocco, and the USA. Phosphate rock is included in the EU list of ‘critical raw 
materials’ and is ranked 20th in an index of commodity price volatility. P recovery from waste water can 
help alleviate reliance on imported phosphate and reduce vulnerability to fluctuating prices. This project 
explored the options for P recovery from wastes produced across Thames Water’s waste water 
treatment plants (WWTPs), the main foci being sludge dewatering liquors and incineration/pyrolysis 
residues.  
The research focussed specifically on the Slough WWTP and the operation of a newly installed Ostara 
system for recovery of P as struvite from dewatering liquors.  The Ostara process is designed to operate 
with centrate PO4-P concentrations above 100 mg/l; to obtain these concentrations chemical coagulant 
dosing in the enhanced biological nutrient removal process must be reduced. Centrate monitoring 
following this change showed that Fe concentrations must measure consistently below 1.5 mg/l for PO4-
P concentrations to remain steadily above 100mg/l. Following these changes onsite, operational savings 
and revenue can be produced onsite. Significant operational and maintenance savings totalling to £113K 
can be made in the first year of operation of the P recovery system in Slough WWTP. Sale of P rich 
struvite fertiliser produces annual revenue of £20K. Moving beyond the local benefits of P recovery, 
national benefits of P recovery were quantified. In a national context, a total of 28±1 kt P/year can be 
recovered from all WWTP waste streams, reducing P fertiliser imports by 36±1%. P recovery from 
WWTP influent and incinerated sewage sludge ash would reduce P losses to water bodies by 22±2%. 
Sewage sludge may be incinerated, producing incinerated sewage sludge ash (ISSA), or alternatively 
pyrolysed to produce sewage sludge char (PSSC).  The possibility of recovering P from these residual 
solids was also investigated. PSSC samples contained significantly more nitrogen and lower heavy metal 
concentrations than ISSA samples due to the process conditions. The % P extractions from both ISSA and 
PSSC plateaus at 0.6M and 0.8M H2SO4 acid concentrations, respectively, due to the formation of 
gypsum on the particles, so that further increase in acid concentrations does not increase P recovery. 
The knowledge gained through this research has been used to improve the understanding and efficiency 
of the P recovery system at Slough WWTP. The information learned about pyrolysis residues will be used 
by Thames Water to develop a novel P recovery process from PSSC. Combined, these findings can 
impact the industry by creating incentives and inform policies regarding P recovery. 
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Executive Summary 
Background 
Phosphorus (P) is an essential non-substitutable nutrient for all living organisms; it is contained in our 
bones, teeth and DNA (Ashley et al., 2011). P is also a non-renewable resource. Since the early 20th 
century the primary source of P has been extraction from phosphate-rich sedimentary rocks (Cordell & 
White, 2009). Approximately two-thirds of phosphate rock reserves are located in China, Morocco, and 
the USA, with Morocco controlling 77% of these reserves (Cooper et al., 2011). Apart from one small 
mine in Finland, the EU has no significant exploitable phosphate reserves of its own and is reliant upon 
imports (Yara, 2015). In 2014 the world production of phosphate rock amounted to 220Mt (Jasinski, 
2015), corresponding to an average per capita production of approximately 31kg of phosphate rock per 
year (Scholz et al., 2014). There is debate over the lifetime of P rock reserves, but it is known that 
remaining reserves are lower in  P content, higher in contaminants, and more difficult to access in 
increasingly environmentally, culturally and politically sensitive areas than the deposits currently mined 
(Ashley et al., 2011). In May 2014, phosphate rock was added to the EU list of ‘critical raw materials’ 
along with 19 other minerals and was ranked 20th in an index of commodity price volatility (Oakdene 
Hollins & Fraunhofer ISI, 2013). 
P recovery from waste can help alleviate reliance on imported phosphate and reduce vulnerability to 
fluctuating prices. Globally approximately 4.6Mt of P/year passes into waste water treatment plants 
(WWTPs), corresponding to 2% of total world phosphate rock production (Scholz et al., 2014). In 2009, 
UK wastewater treatment plants (WWTPs) received 55 kt of P from wastewaters which corresponds to 
40% of total UK P imports (Cooper & Carliell-Marquet, 2013). P in wastewaters arises from human 
excrement, food wastes, dishwasher detergents, laundry detergents (although this is being phased out), 
and industrial and commercial discharges (Barnard, 2007). To reduce eutrophication of water bodies, 
the Urban Waste Water Treatment Directive was introduced to set obligatory effluent P discharge 
targets for WWTPs (Doyle & Parsons, 2002). As a result of these P discharge consents, sewage sludge 
and incinerated sewage sludge ash now contain greater concentrations of P. This P is either spread on 
agricultural land, landfilled or is dispersed in the sediments of water bodies (Cordell et al., 2011). 
A paradigm shift is required to focus not on what must be removed from wastewater, but rather on 
what can be recovered from wastewater (Guest et al., 2009). This paradigm shift encapsulates the need 
to change the view of P as a waste or a pollutant, but rather to see P as a resource. P recovery from 
sludge dewatering liquors and incineration ashes from WWTPs has received much attention in recent 
years as these waste streams contain high concentrations of P which can be recovered and processed 
into a P rich fertiliser. This EngD project investigates the possibilities for reducing P losses through 
recovery from wastewater with the production of fertiliser.  
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Objectives 
This project explored the options for P recovery from wastes produced across Thames Water’s WWTPs, 
the main foci being sludge dewatering liquors and incineration/pyrolysis residues. The aim was to 
improve the understanding of P recovery and develop new methods to recover P within Thames Water. 
One aspect of the project was focused on monitoring the installation and operation of the Ostara P 
recovery process in Slough WWTP: the effects of P recovery on the overall WWTP processes and 
operations were measured and evaluated. Another aspect of this project focused on incineration and 
pyrolysis residues, with the development of the initial stages of a novel P recovery process.  Each 
objective was informed by reviewing literature. The four key objectives of this research are as follows: 
a) Monitor effects of chemical dosing in Slough WWTP on enhanced biological phosphorus removal 
(EBPR) performance, PO4-P concentrations in centrate, and PO4-P removal rates; 
b) Evaluate the effects of chemical dosing on EBPR performance and microbial communities; 
c) Model, through a mass balance approach, the effects of P recovery on Slough WWTP as a whole, to 
assess the potential local and national consequences of P recovery; 
d) Develop novel methods of recovering P from incinerated sewage sludge ash (ISSA) and pyrolysed 
sewage sludge char (PSSC), comparing and contrasting recovery from ISSA and PSSC. 
 
Key findings 
Objective a)  
Simultaneous chemical P removal is commonly used in activated sludge systems to supplement EBPR, 
but excessive chemical dosing can have a negative impact on EBPR performance (de Haas et al., 2000). 
Excessive chemical dosing also reduces recovery rates of the Ostara P recovery system. Little is known of 
the effect of full-scale long-term chemical dosing on EBPR performance and PO4-P recovery efficiencies. 
This study aimed to address this research gap and provide information on the effects of excess chemical 
dosing. This objective is addressed in chapter 4 of this thesis; key findings are detailed below. 
Key finding a-1: Strong negative correlations between Fe concentrations and specific PO4-P release and 
specific PO4-P uptake (i.e. EBPR performance) were measured during the sampling period at Slough 
WWTP. It is thought that reducing FeCl2 solution dosing lowers the competition between 
microorganisms and chemical salts for PO4-P, thereby improving EBPR performance at Slough WWTP. 
Key finding a-2: Between 140-200 days is required for PO4-P concentrations to stabilise at the new 
higher level after FeCl2 solution dosing in the EBPR process in Slough WWTP is reduced. 
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Key finding a-3: As a minimum design concentration for efficient P recovery in the Ostara system, 
centrate Fe concentrations must remain below 1.5 mg/l to ensure PO4-P concentrations exceed 100 
mg/l. 
Key finding a-4: Fe concentrations do not directly affect % PO4-P recovery in the Ostara P recovery 
system. However, Fe concentrations may affect PO4-P recovery indirectly by affecting PO4-P 
concentrations of influent centrate. 
Objective b) 
Objective a) monitored in a broader view the effects of excessive chemical dosing on EBPR performance, 
while objective b) studied more in-depth the effect of chemical dosing on the microorganism 
populations in EBPR. In literature there are few long-term studies which draw correlations between 
chemical dosing, EBPR performance, and microbial communities. The major findings of this research 
objective are outlined below and discussed in detail in chapter 5. 
Key finding b-1: The phyla Proteobacteria and Actinobacteria showed positive correlations with specific 
PO4-P release and specific PO4-P uptake, showing that each plays a major role in EBPR at Slough WWTP. 
Key finding b-2: Microorganisms in the genera Simplicispira, Tetrasphaera, and Micropruina were 
present in the three highest performing specific PO4-P release and specific PO4-P uptake samples and 
each genus was strongly correlated with specific PO4-P release and specific PO4-P uptake, confirming 
that each plays an important role in EBPR performance as measured through the bio-P experiment at 
Slough WWTP. 
Key finding b-3: Bacteroidetes, Firmicutes, Acidobacteria, and Actinobacteria are reported as playing an 
important role in nutrient removal processes in literature (Ma et al., 2015). However, Bacteroidetes and 
Firmicutes were absent from highest performance bio-P experiment samples in this study. 
Key finding b-4: A dramatic decrease in microbiological diversity followed by a recovery of diversity and 
simultaneous improvement of EBPR performance was measured during the sampling period at Slough 
WWTP. 
Key finding b-5: No significant correlation was found between microbiological diversity and specific PO4-
P release and specific PO4-P uptake during the bio-P experiment period at Slough WWTP. 
Key finding b-6: In Slough WWTP, Fe concentration was found to be correlated positively with 
microbiological diversity. 
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Objective c) 
The benefits of P recovery are broadly known, but there is a lack of quantification of the benefits in full-
scale WWTPs. This research describes the actualised benefits of full-scale P recovery in Slough WWTP, 
comparing the effects before and after P recovery. This research extends beyond the local effects of P 
recovery for one WWTP and describes the broader effects of P recovery in a national context. The key 
results of this objective are described below and in chapter 6 of this thesis. 
Key finding c-1: At Slough WWTP, running the Ostara system at an average 72±7% P recovery resulted in 
8.8±0.7% total P and 20.5±3.2% PO4-P recovery as struvite fertiliser from influent into struvite. 
Key finding c-2: The contribution of centrate to the internal recycle stream decreased from 42.1±11.8 to 
30.4±9.7% total P and from 78.6±1.6 to 47.2±3.6% PO4-P. 
Key finding c-3: In Slough WWTP, total savings from reduced chemical usage, sludge cake production, 
operational and maintenance costs amount to £113K in the first year of operation of the P recovery 
system. Struvite fertiliser sales revenue amounts to £20K/year. Chemical, operational, and maintenance 
costs amount to approximately £90K/year. 
Key finding c-4: Reduced chemical dosing alone provides savings of over £65K in the first year of 
operation, including cost savings associated with reduced sludge cake production. 
Key finding c-5: Using a combination of current and new P recovery technologies should enable on 
average 15±5% P recovery from WWTPs, yielding 7.1±2.0 kt P fertiliser/year in the UK. This would 
reduce P fertiliser imports by 9.1±2.6% based on 2009 flows.  
Key finding c-6: A further 21.7±1.0 kt P/year can be recovered by incinerating sewage sludge currently 
destined for agriculture and other disposal and extracting P from the resulting ash. In total 28.0±0.9 kt 
P/year can be recovered from all WWTP waste streams, reducing P fertiliser imports by 36.2±1.1%.  
Key finding c-7: P recovery from WWTP influent and ISSA would reduce P losses to water bodies by 
21.7±1.9% based on 2009 P flows. 
Objective d) 
This research compares and contrasts the physical and chemical characteristics of ISSA and PSSC for the 
purposes of P recovery with a view to producing a P rich fertiliser. There has been no research which has 
examined the leaching of nutrients from PSSC. Applying current methods to release P from ISSA to PSSC 
adds a novel aspect to the current research. This objective is discussed in chapter 7 with key findings 
presented below. 
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Key finding d-1: PSSC samples contain significantly more N and less Cd, Hg, and Pb than ISSA samples for 
the processes and sludges under investigation. 
Key finding d-2: In the processes investigated, P concentrations in sludge are enriched by 7.9, 6.7, and 
2.5 times in ISSA(b), ISSA(c) and PSSC, respectively. Cd concentrations decrease by half during pyrolysis, 
but increase significantly by 5.0 and 5.4 times in ISSA(b) and ISSA(c), respectively. 
Key finding d-3: PSSC and ISSA used in this research each contain significant quantities of whitlockite-
like compounds. However, PSSC contains calcite and greater amounts of whitlockite-like compounds 
compared to ISSA. ISSA samples contain significantly more quartz than PSSC. 
Key finding d-4: 30 minutes contact time at a liquid/solid ratio of 10 are optimum conditions to release 
P from solids into liquid solution. 
Key finding d-5: % P extraction from the solid increases with acid concentration, but reaches a plateau 
at different acid concentrations for these ISSA and PSSC samples: 0.6M H2SO4 acid for ISSA, compared to 
0.8M H2SO4 acid for PSSC.  
Key finding d-6: In the samples examined, Fe dissolves more readily from PSSC compared to ISSA. 
However, other heavy metals in PSSC are more resistant to dissolution. 
 
Contributions to knowledge 
The first objective of this research has provided information on the operational aspects of excess 
chemical dosing on EBPR performance of Slough WWTP and PO4-P removal rates of the Ostara nutrient 
recovery system. Full scale long-term studies on this topic have not been reported in literature to the 
author’s knowledge. Knowledge from this research can be applied to other WWTP and nutrient recovery 
systems to assist in the installation phase and improve the efficiency of operation. An understanding of 
the effects of upstream processes on P recovery is essential to increasing struvite recovery rates. 
Research conducted to address objective b) is the first research of its kind in this field, with full scale 
long term in-depth studies of this kind being rare. This research has provided insight into the phyla and 
genera responsible for good EBPR performance in a full-scale process. This research has contributed to 
the knowledge on the interactions of chemical dosing on microbial populations and diversity. Using this 
information it may be possible to isolate and create microbial populations capable of improved and 
consistent EBPR performance.  
Objective c) contributed to knowledge on the effects of P recovery on the WWTP and the broader 
national effects. Increasing understanding of the benefits of P recovery may improve the willingness of 
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water companies to install P recovery systems in WWTPs. Increasing knowledge on the national effects 
of P recovery may help inform policies to recover P from other sources in the UK. 
The final objective of this research highlights the benefits of P recovery from PSSC over ISSA, i.e. PSSC 
contains additional nutrients and less heavy metal due to the process conditions. This research has 
contributed to knowledge by comparing the physical and chemical characteristics of ISSA and PSSC. 
Based upon finding of this research Thames Water intends to develop a full scale process for P recovery 
from PSSC. 
The aim of this project was to improve the understanding of P recovery and develop new methods to 
recover P using waste streams generated in Thames Water’s WWTPs. Each objective of this research 
combines to increase the understanding and knowledge of P recovery from WWTPs. A variety of 
methods, from WWTP sampling, experimental and modelling work have been used to address the 
objectives. The information obtained from this research will provide incentives for water companies to 
install P recovery systems and can be used to support policies regarding national P recovery. 
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Chapter 1: Introduction 
1.1 Background 
Phosphorus (P) is an essential nutrient for all living organisms; it is contained in our bones, teeth and 
DNA (Ashley et al., 2011). P is essential for all life and global agricultural production (Ulrich & Frossard, 
2014). P particularly in the form of P2O5 is critical component of fertiliser (King, 2010). Since the early 
20th century the primary source of P has been extraction from phosphate-rich sedimentary rocks (Cordell 
& White, 2009). However, phosphate rock is a non-renewable resource which has no substitutes in the 
environment. 
P The chemical element with symbol P and atomic number 15. P is never found as a free element on Earth, 
instead P-containing minerals are almost always present as inorganic phosphate rocks. For the purposes 
of this thesis “P” refers to any generic form of P 
P2O5 Formula used to express the P content of fertilisers. It is a white and anhydrite form of phosphoric acid 
PO4 Inorganic phosphate which is mined to obtain phosphorus. Inorganic phosphates are adsorbed by plants 
from the soil and water bodies and eventually pass into animals through food chains. PO4-P measures 
the filterable, soluble P fraction, i.e. the form taken up directly by plants cells. 
 
 
Figure 1-1: Infographic of the P cycle, showing P functions and complexity (Hodges, 2013) 
1.4 References
1.3 Research questions
1.2 Research context
1.1 Background
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Approximately two-thirds of phosphate rock is located in China, Morocco, and the USA, with Morocco 
controlling 77% of the two-thirds (Cooper et al., 2011). Apart from one mine in Finland which produces 
0.8Mt phosphate/year, the EU has no phosphate reserves of its own and is reliant upon imports (Yara, 
2015). In 2014 the world production of phosphate rock amounted to 220Mt (Jasinski, 2015). On average 
each person consumes approximately 31kg of phosphate rock each year, which equates to a global 
consumption of 226Mt phosphate rock per year (Scholz et al., 2014). Pre-2010 estimates reported that P 
reserves could be completely depleted in the next 20-30 years (Cordell & White, 2009). More recently it 
has been suggested that peak production may be reached between 2051 and 2092 (Cordell et al., 2013). 
While there is debate over the lifetime of P rock reserves, it is clear that the remaining known reserves 
are lower in P concentration (%P2O5), higher in contaminants and more difficult to access in increasingly 
environmental and culturally sensitive areas (Ashley et al., 2011). In recent decades lower grade (i.e. less 
P content) phosphate rock is being mined to produce phosphoric acid which contains high levels of 
contaminants such as CaO, lanthanides, heavy metals, and radionuclides (Reijnders, 2014). In May 2014, 
phosphate rock was added to the EU list of ‘critical raw materials’ along with 19 other minerals and was 
ranked 20th in an index of price volatility (Oakdene Hollins & Fraunhofer ISI, 2013).  
Figure 1-2 shows the progression of phosphate rock prices from September 2005-2015. The pronounced 
phosphate price peak in 2008 occurred due to low fertiliser inventories in the US at the beginning of the 
2008 planting season (Huang, 2009). The low phosphate inventories resulted from a large increase in 
fertiliser use in 2007 as wheat and corn planting expanded (Huang, 2009). Low fertiliser inventories, 
coupled with an inability to quickly increase fertiliser production and supply in response to the amplified 
fertiliser demand, contributed to the phosphate price peak in 2008 (Huang, 2009). The price increase in 
2008 was also strongly linked to the other commodities, such as energy prices (Scholz et al., 2014). 
 
Figure 1-2: Graph of fluctuating phosphate rock prices from 2005 - 2015 (source: Indexmundi, 2015) 
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Increasing populations, coupled with changing diets, has led the FAO to predict a 70% increase in food 
demand by 2050 (European Commission, 2013a). Since expansion of cultivated land would likely not 
meet this demand, fertiliser application must increase to meet the dietary needs of the population 
(Franz, 2008). Rising demand for bio-energy crops will further increase phosphate fertiliser inputs 
(Greenpeace, 2012). The world consumption of P2O5 contained in fertiliser is projected to grow from 
42.2Mt in 2014 to 45.9Mt in 2018 (Jasinski, 2015). As P consumption escalates, losses of P along the 
supply chain will increase also. 
The Sankey diagram of Figure 1-3 conveys the huge inefficiencies of the current P usage system. Nearly 
90% of P input to the system is lost before reaching the food product (Clift & Shaw, 2012). In the EU 151 
net consumption of P is 4.7kg/year/capita, of which only 1.2 kg P/year reaches the consumer (Ott & 
Rechberger, 2012). P needs to be more carefully managed due the limited supply of high grade 
phosphate, volatility of prices, projected increased demand, and its inefficient supply chain. 
 
Figure 1-3: Sankey diagram showing global P flows and losses in the agricultural sector (units: Mt/year) (Clift & Shaw, 2012) 
Globally approximately 4.6Mt of P/year is collected in WWTPs equating to 2% total world phosphate 
rock production (Scholz et al., 2014). In 2009 UK WWTPs received 55 kt of P from wastewaters which 
equates to 39.9% of total UK P imports (Cooper & Carliell-Marquet, 2013). In Switzerland the total P 
contained in sewage sludge is equivalent to the amount of P imported (Scholz et al., 2014). P in 
wastewaters arises from human excrement, food wastes, dishwasher detergents, laundry detergents 
(although this is being phased out), industrial and commercial discharges (Barnard, 2007). In order to 
reduce eutrophication of water bodies, the Urban Waste Water Treatment Directive was introduced 
which sets obligatory final effluent P discharge targets for WWTPs (Doyle & Parsons, 2002). As a result 
                                                          
1 EU 15 is comprised of the following 15 countries: Austria, Belgium, Denmark, Finland, France, Germany, Greece, 
Ireland, Italy, Luxemburg, the Netherlands, Portugal, Spain, Sweden, and the United Kingdom.  
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of these P discharge consents, sewage sludge and incinerated sewage sludge ash now contain greater 
concentrations of P. This P is either spread on agricultural land, landfilled or is permanently lost in the 
sediments of water bodies (Cordell et al., 2011). However, the spreading of sludge containing P to land 
is an inefficient method of recycling P, due to leaching which enhances eutrophication risk to water 
bodies. In the EU 20% of sewage sludge is landfilled directly, while another 11% is incinerated before 
landfilling (Scholz et al., 2014). According to Chowdhury et al. (2014), at a city level the highest P stocks 
are contained within landfill. 
According to Guest et al. (2009), a paradigm shift is required to focus not on what must be removed 
from wastewater, but rather on what can be recovered from wastewater. This paradigm shift 
encapsulates the need to change the view of P as a waste or a pollutant, but rather as a resource. Using 
new technologies P in sewage sludge can be recovered and processed into a P rich fertiliser. 
Recovering P from waste can reduce dependence on these few phosphate mines and reduce their 
market power (Seyhan et al., 2012). Diversifying the supply of phosphate fertiliser will improve 
resilience to future price instability (European Commission, 2013a). Recovery and recycling of P could 
postpone depletion of phosphate rock (Seyhan et al., 2012). P recovery from waste indirectly conserves 
energy and water; demand for mined phosphate is reduced, therefore energy and water used to 
produce traditional fertilisers is reduced (Mo & Zhang, 2013). The drivers for P recovery are outlined in 
Figure 1-4.2 
 
Figure 1-4: Main UK drivers for P recovery from WWTP 
                                                          
2 More background information on the occurrence of P on the environment, the industrial ecology of P, 
eutrophication, organic/inorganic P fertilisers, P reserves and deposits, and P uses can be found in Appendix D (6 
month report, chapter 2). 
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1.2 Research context 
This EngD project investigates the possibilities for improving P efficiency and reducing P losses through P 
recovery from wastewater with the production of fertiliser. P recovery from sludge dewatering liquors 
and incineration ashes from WWTPs has received much attention in recent years as these waste streams 
contain high concentrations of recoverable P. 
As a result of removing nutrients from wastewater, waste sludge and sludge dewatering liquors contain 
greater concentrations of P, nitrogen (N) and magnesium (Mg) (Doyle & Parsons, 2002). These ions 
found in combination, particularly in enhanced biological phosphorus removal (EBPR) processes can 
result in the formation of struvite deposits (Doyle & Parsons, 2002). Struvite is a white crystalline 
substance composed of magnesium, ammonium, and phosphate (MAP) in equi-molar concentrations 
(Doyle & Parsons, 2002). Struvite forms according to Equation 1-1. 
Equation 1-1:  𝑴𝒈𝟐+ + 𝑵𝑯𝟒
+ + 𝑷𝑶𝟒
𝟑− + 𝟔. 𝑯𝟐𝑶 → 𝑴𝒈𝑵𝑯𝟒𝑷𝑶𝟒. 𝟔(𝑯𝟐𝑶) 
Turbulent, rough surfaces such as pumps, pipes and centrifuges which carry dewatering liquors are 
prone to struvite fouling and blockages (Doyle & Parsons, 2002). Struvite deposits build layer upon layer 
reducing internal pipe diameters and increasing energy required to pump the sludge through the 
pipework. The time taken to move the sludge increases significantly, reducing the capacity of the 
WWTP. In extreme cases, the only feasible option is to replace the pipework. This is not only a disruptive 
solution but also very expensive. However, struvite can also be regarded as a valuable resource in that it 
can be recovered as a P-rich fertiliser, creating a revenue stream for the WWTP instead of a nuisance 
problem3. 
 
Figure 1-5: Digested sludge pipe encrusted with struvite mineral (Jaffer & Pearce, 2004) 
                                                          
3 More information on struvite formation and use as fertiliser is available in Appendix D (Six month report, chapter 
3). 
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In 2012, the Ostara nutrient recovery system was installed in Slough WWTP to recover P from sludge 
dewatering liquors and transform it into a struvite fertiliser.4 Removing struvite from WWTPs as fertiliser 
reduces nuisance struvite fouling pumps and pipes. P recovery reduces the amount of P recycled 
through the WWTP requiring retreatment, improving the capacity of the EBPR process to meet final 
effluent discharge consents. Recovering P reduces the amount of chemical required to suppress 
nuisance struvite precipitation leading to onsite cost savings. The full scale effects of P recovery in a 
WWTP are seldom reported in literature and there has been little monitoring of whole site effects. 
The treatment of wastewater produces sludge rich in P; the incineration of this sludge creates an ash 
which contains high concentrations of P. However, incineration ashes are commonly landfilled which 
leads to the loss of the functional value of P from the economy (Reijnders, 2014). Water companies have 
to pay for the cost of incineration ash transport to landfill. Recovering P from incineration ash creates a 
revenue stream for the water company and reduces the amount of waste to be transported to landfill 
leading to cost savings. Incinerators at Thames Water’s Crossness and Beckton WWTPs are to be 
replaced with pyrolysis processes in the future. Pyrolysis is a more efficient and cleaner method of 
energy production from waste. P recovery from incineration and pyrolysis residues improves the 
economics of these systems by producing an additional revenue stream. To the best of the author’s 
knowledge P recovery from pyrolysis residues have not been reported in the literature, yet it will grow 
in importance as pyrolysis is adopted more widely. P recovery from incineration and pyrolysis residues 
has not been compared in literature either. It is these gaps in knowledge that the research reported 
here was meant to address. 
 
1.3 Research objectives 
This project explored the options for P recovery from wastes produced across Thames Waters’ WWTPs, 
with the main foci being sludge dewatering liquors and incineration/pyrolysis residues. The aim was to 
improve the understanding of P recovery and develop new methods of P recovery within Thames Water. 
One aspect of the project was focused on monitoring the installation and operation of the Ostara P 
recovery process in Slough WWTP. The effects of P recovery on Slough WWTP processes and operations 
were measured and evaluated. Another aspect of this project focused on incineration and pyrolysis 
residues with the development of the initial stages of a novel P recovery process. The objectives of this 
research are as follows: 
a) Monitor effects of chemical dosing in Slough WWTP on EBPR performance, PO4-P concentrations in 
centrate, and PO4-P removal rates; 
                                                          
4 More information on the Ostara nutrient recovery system is available in Appendix D (Twelve month report, 
chapter 1). 
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b) Evaluate the effects of chemical dosing on EBPR performance and microbial communities; 
c) Model, through a mass balance approach, the effects of P recovery on Slough WWTP as a whole, to 
assess the potential local and national consequences of P recovery; 
d) Develop novel methods of recovering P from incinerated sewage sludge ash (ISSA) and pyrolysed 
sewage sludge char (PSSC), comparing and contrasting recovery from ISSA and PSSC. 
Chapter 4 addresses objective (a) and focuses on the results of monitoring PO4-P and Fe concentrations 
in Slough WWTP and how concentrations were affected by chemical dosing. There are few scale P 
recovery systems in Europe, the initial important steps to achieve efficient and economic P recovery 
rates have been little reported in literature. 
Chapter 5 addresses objective (b) and reports on the effects of chemical dosing on EBPR performance 
and microbial communities present in EBPR sludge matrix at Slough WWTP. Combining experimental, 
ecological and environmental data the effects of chemical dosing on the EBPR system are discussed. To 
the authors knowledge there have been no such studies which have monitored the long term effects of 
chemical dosing on a full scale EBPR performance and microbial communities. 
Chapter 6 addresses objective (c) and discusses the effects of P recovery on P flows in Slough WWTP and 
describes the national effects of P recovery in the UK. The effects of P recovery on a whole site have 
been little reported and the national effects of local P recovery have not been evaluated in literature. 
Chapter 7 addresses objective (d) and discusses the development of a novel P recovery system from 
incinerated sewage sludge ash (ISSA) and pyrolysed sewage sludge char (PSSC). Comparison of P 
recovery from ISSA and PSSC has not been found in literature published. 
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Chapter 2: Literature Review 
2.1 Introduction 
This literature reviews current knowledge related to each research objective as detailed in section 1.3. 
The literature review begins with a brief overview of current technologies used to recover P from waste 
arising as a result of wastewater treatment. This acts to inform the reader of the main technologies 
used, and their benefits and disadvantages. Section 2.3 describes the current knowledge and associated 
research gaps relating to P recovery from sludge dewatering liquors, i.e. similar to the Ostara P recovery 
system. Section 2.4 discusses literature on the topic of mineralogy of sewage sludge before and after 
thermal treatment and following acid leaching. 
 
2.2 Method of P recovery from WWTPs 
There are numerous methods available for recovering P from the waste products of wastewater 
treatment: wastewater, sewage sludge and incinerated sewage sludge ash (ISSA). There are three 
common techniques for P recovery subsequently described; crystallisation & precipitation, wet chemical 
treatment, and thermo-chemical treatment. 
2.2.1 Crystallisation & Precipitation 
Crystallisation followed by precipitation is a common method of P recovery used by the Ostara, Airprex, 
and Crystalactor processes, outlined in Table 2-1. Crystallisation and precipitation transforms soluble 
phosphate from a liquid phase into a solid phase (Nieminen, 2010). Precipitation of P can occur 
spontaneously, although it is normally initiated by the addition of metal ions, e.g. Mg2+, Ca2+, Al3+ or Fe3+ 
(Rittmann et al., 2011a). Particles growth occurs either by agglomeration or by using seed materials such 
as sand (Pratt et al., 2012). Mg and Ca are frequently used to precipitate P as a fertiliser, as they are 
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secondary nutrients required for healthy plant growth. When P is precipitated using Mg, struvite 
(MgNH4Po4.6(H2O)) is formed at pH >8 (Rittmann et al., 2011a). This is the more common method of P 
precipitation. Effective struvite precipitation involves crystal formation followed by separation from 
liquid (Pratt et al., 2012). P may also be precipitated using Ca in the form of hydroxyapatite (HAP) 
(Ca5(PO4)3OH) (Rittmann et al., 2011a). However, this form of P precipitates at prohibitively high pH 
values typically ≥ 10 (Rittmann et al., 2011a). Al and Fe are frequently used in WWTP to precipitate P 
from wastewater into an Al or Fe bound phosphate. However, P which is too tightly metal-bound is 
generally thought as unavailable for struvite precipitation and plant growth (Rittmann et al., 2011a). 
Regardless, the KREPRO process precipitates P as ferric phosphate (see Table 2-1) (Rittmann et al., 
2011a). 
2.2.2 Wet Chemical Treatment 
Wet chemical processes release P from chemical or biological sludge and sludge ash using acids or bases 
(Nieminen, 2010). Generally, leaching with acids removes more P than base leaching (Nieminen, 2010). 
The LEACHPHOS and Seaborne processes each utilise wet chemical methods to recover P. Non-soluble 
residue is removed and the remaining liquid treated to separate dissolved P using method such as 
precipitation, ion exchange, and nanofiltration (Nieminen, 2010). The ion exchange process allows for 
undesirable ions to be exchanged for solid-phase ions based on ion affinity (Rittmann et al., 2011a). Ion 
exchange offers a more selective method of removing ions from wastewater or sludge (Rittmann et al., 
2011a). This is a more promising technology as it is generally a reversible process (Rittmann et al., 
2011a). All heavy metals (except Hg which evaporates at thermal sludge treatment) input into the 
process transfer into the final product (Egle et al., 2014). 
2.2.3 Thermo-Chemical Treatment 
Thermo-chemical treatments are suited to the removal of P and heavy metals from ISSA and sludge 
(Nieminen, 2010). Mono-incineration of sludge completely destructs the organic pollutants present in 
the waste (Adam et al., 2009). These incinerated residues contain high concentrations of P, but this P is 
not present in a bioavailable form for plant growth (Adam et al., 2009). In thermo-chemical treatment, P 
in the ISSA is transferred into a mineral phase more available for plant growth (Adam et al., 2009). 
Volatile heavy metal chlorides are formed by adding a Cl donor at temperatures between 800-1000°C 
(Adam et al., 2009). The volatile heavy metal chlorides are separated from the gaseous phase (Adam et 
al., 2009). New mineral phases are produced in the ash, resulting in P solubility of up to 100% in citric 
acid (Adam et al., 2009). However, due to the concomitant removal of metals with P, the use of the 
treatment in producing fertiliser is limited (Nieminen, 2010). 
While there are many methods available to recover P from wastewater, sludge, and ISSA, many of these 
options are unattractive in terms of sustainability. Most of the processes produce waste which must be 
landfilled, while other processes require high energy and acid addition making them economically 
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unviable. Crystallisation processes are preferred as they achieve high P removal and recover P as useful 
product, i.e. struvite or calcium phosphate (Bhuiyan et al., 2008). However, struvite is favoured over 
calcium phosphate as the nutrients are released at a slower rate (Bhuiyan et al., 2008).  The essential 
nutrients for plant growth P, N and Mg are precipitated simultaneously into the struvite fertiliser 
(Bhuiyan et al., 2008). 
Each of the method described above are applicable to different wastes produced at WWTPs, i.e. 
wastewater, sludge, and ISSA. Table 2-1 provides a review of the current technologies used to recover P 
from each of these waste streams. 
Table 2-1: Review of current technologies available for recovering P from WWTPs 
Technology Process Final product % P 
recovery 
Limitations Benefits References 
P recovery from wastewater/sludge dewatering liquors 
Rim-Nut 
(Rem-Nut) 
Ion exchange, 
precipitation 
Struvite Up to 
95% 
NaCl is needed to 
regenerate resins. P and 
Mg salts may be 
required to precipitate 
struvite. Complex 
process requires high 
operation skills 
Incidental 
removal of SS, 
BOD, COD 
Karapinar, 
(2009); Woods 
et al., (2013); 
Nieminen, 
(2010); 
Environment 
Agency, (2012) 
Ostara Crystallisation Struvite 80-90% PO4 > 75 mg/l is 
required to achieve 
economic recovery of 
struvite 
High purity slow 
release fertiliser 
product 
Ostara, (2010); 
Environment 
Agency, (2012) 
Crystalactor Crystallisation Calcium 
phosphate 
70-75% Requires readily 
available lime to raise 
pH. Frequent injection 
of seed material is 
required as grains 
become part of final 
product 
High purity 
product. Can 
recover heavy 
metals 
Woods et al., 
(2013); 
Nieminen, 
(2010); 
Environment 
Agency, (2012) 
Struvia 
(Originally 
Phostrip) 
Crystallisation Struvite, 
calcium 
phosphate 
11% of 
sludge 
input 
Only applicable to EBPR 
WWTPs with PO4-P 
greater than 50mg/l in 
sludge liquor 
High purity 
product 
P-REX, (2015f) 
P recovery from sewage sludge 
Krepro Thermal 
hydrolysis, 
acid leaching, 
precipitation 
Ferric 
phosphate 
~75% Process produces iron 
phosphate which is 
thought to be 
unavailable for plant 
growth 
Suitable for both 
digested and raw 
sludge. Various 
products 
recovered: 
biofuel, 
phosphate, 
precipitant and 
carbon source 
Kemira 
Kemwater, 
(2001); 
Nieminen, 
(2010); 
Environment 
Agency, (2012) 
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2.3 P recovery from sludge dewatering liquors 
2.3.1 Introduction 
There have been many bench scale and pilot scale studies into struvite precipitation from digested 
sewage sludge centrate (Guney et al., 2008; Bhuiyan et al., 2008; Battistoni et al., 2001; Pastor et al., 
2010; Turker & Celen, 2007; and Marti et al., 2010). Most of the published research focuses on 
determining optimum conditions such as pH, mixing conditions and Mg sources (Pratt et al., 2012) 
AirPrex Precipitation Struvite >90% Struvite product 
crystallised in wet 
sludge, therefore 
product has some 
organic and inorganic 
impurities 
Product 
registered under 
REACH 
regulations 
P-REX, (2015a) 
MEPHREC Metallurgic 
melt-gassing 
Silico-
phosphate 
70% Process still requires 
validation. Pilot plant to 
be built in 2015 
Volatile heavy 
metals evaporate 
via a gas phase 
while non-
volatile heavy 
metals separate 
in a liquid metal 
phase. Electricity 
and heat also 
produced. 
Applicable to 
sludge and ashes 
P-REX, (2015e) 
P recovery from incinerated sewage sludge ashes 
BioCon Acid leaching, 
ion exchange 
Phosphoric 
acid 
~60% Precipitated Fe 
compounds must be 
dissolved by sulphuric 
acid; chemicals needed 
to regenerate ion 
exchangers 
Chloride free 
phosphoric acid 
is produced. 
Metal ions can be 
separated using 
ion exchange 
Levlin, (2002); 
Nieminen, 
(2010); 
Environment 
Agency, (2012) 
Ash Dec Thermo-
chemical 
Ash purified 
from heavy 
metals, 
fertiliser 
98% Complex and energy 
intensive process. 
Requires natural gas as 
fuel 
Partial 
depollution of 
heavy metals. 
Low amounts of 
waste disposal 
Nieminen, 
(2010); 
Environment 
Agency, 
(2012);  Egle 
et al., (2014); 
P-REX, (2015c) 
LEACHPHOS Wet-chemical 
leaching 
Struvite or 
calcium 
phosphate 
70% Wet residual filter cake 
requires disposal or 
additional treatment. 
Recovery depends on 
ash composition 
Partial 
depollution of 
heavy metals. 
High P content of 
product. High 
process flexibility 
Egle et al., 
(2014); P-REX, 
(2015d) 
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However, this lies outside the scope of this project since the optimum conditions for P recovery at 
Slough WWTP have been determined by Ostara. There is little literature available which reports on full 
scale P recovery processes in WWTPs, e.g. benefits, efficiencies, mass balances, etc. The following 
literature review describes the current knowledge on these topics. 
2.3.2 Benefits of P recovery 
The earliest available literature reporting experiences of full scale P recovery at a WWTP was written by 
Ueno & Fuji (2001). The authors list the following as their reasons for the installation of P recovery 
system in their WWTP: 
 Lower effluent P concentrations by reducing the P load returned to the head of the works; 
 Reduce the amount of chemical coagulants used, which will in turn reduce the volume of sludge 
produced; 
 Produce a P rich material which could be used by the fertiliser industry. 
These motivations are consistent with the reasons for the installation of the Ostara recovery system in 
Slough WWTP. However, these are expected effects of P recovery rather than realised effects. 
Britton et al. (2009) listed the following as their expected benefits of their pilot-scale Ostara reactor 
treating 20% of the supernatant stream: 
 20% reduction in PO4-P load; 
 5% reduction in NH4+ load; 
 Increased wastewater alkalinity due to caustic addition; 
 Decreased alkalinity demand during nitrification due to reduced ammonia load; 
 Reduction or potential elimination of struvite scale in pipelines. 
Again these are expected outcomes and not quantified in the study WWTP. To enhance the uptake of P 
recovery in WWTPs the true effects of P recovery should be evaluated and reported. Without proof of 
operational benefits achieved by P recovery water companies are likely unwilling to install new 
technologies. 
Vadiveloo et al. (2012) listed the benefits and drawbacks of removing P using the Ostara system 
compared to using ferric salts to control struvite formation (Table 2-2). Viewing the details in Table 2-2, 
P recovery using the Ostara system seems to have more advantages over ferric dosing to control struvite 
precipitation. Unreported in this table is the fact that treatment of the sidestream using the Ostara 
process reduced struvite precipitation by >40% (Vadiveloo et al., 2012). It was concluded that the Ostara 
P recovery system is a feasible and viable alternative to control struvite formation in Vadiveloo et al.’s 
test WWTPs. This research focussed on the potential direct effects of P recovery, the 
advantages/disadvantages of P recovery can be extended further to include indirect and directly realised 
costs, savings, effects on WWTP processes, etc. 
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Table 2-2: Advantages & disadvantages of long term struvite precipitation alternatives (Vadiveloo et al., 2012) 
Long Term 
Alternatives 
Advantages Disadvantages 
Ferric 
Addition 
Lowest capital cost Highest 20 year present worth cost 
Operator familiarity Increased P concentrations in biosolids which 
can reduce land application potential 
Can improve centrifuge solids capture H&S issues due to chemical handling 
Ostara Pearl Lowest 20 year net present worth cost Highest capital cost 
Lowest operations and maintenance costs Larger footprint 
Lower P concentrations in biosolids which can 
increase land application potential 
New chemicals needed 
Sustainable solution, conserving finite natural 
resources 
Ferric cannot be used to improve solids capture 
rate 
 
Bilyk et al. (2011) produced Table 2-3 detailing the capital, operating, and net present worth for 
scenarios in which Ostara, Multiform Harvest, and alum dosing are utilised at two different WWTPs, A 
and B. Although alum has the lowest initial capital costs, over a 20 year period it is not as cost effective 
as struvite precipitation (Bilyk et al., 2011). The elevated Ostara cost over Multiform Harvest includes 
the construction of a new building to house the Ostara reactor and its recirculation pumps, drying, and 
bagging equipment (Bilyk et al., 2011). The Multiform Harvest process produces unrefined struvite 
which does not require a drying and classifying system (Bilyk et al., 2011). Costs savings compared 
against alum dosing include; chemical cost savings, less sludge production, less methanol and oxygen 
demand in the EBPR process (Bilyk et al., 2011). While this is a comprehensive analysis, the data is 
theoretical rather than achieved in the WWTP. To encourage the uptake of P recovery it is important 
that the actualised benefits be reported also. 
Table 2-3: Ostara, Multiform Harvest, and alum dosing CAPEX, OPEX, and present worth costs (Bilyk et al., 2011) 
 Ostara Multiform Harvest Alum Dosing 
WWTP A B A B A B 
Capital Costs $4,071,500 $4,371,500 $1,081,000 $1,381,000 - $690,000 
Operating Costs -$14,281 -$35,958 $47,900 $47,900 $180,400 $324,800 
Present Worth Cost $3,894,000 $3,924,000 $1,678,000 $1,978,000 $2,249,000 $4,738,000 
 
Maaß et al., (2014) quantified that the installation of the AirPrex P recovery system generated an added-
value of about €416,000 in their WWTP. The majority of this added-value came from reduction of 
operating costs and flocculating agents required in the WWTP, as shown in Figure 2-1. The revenue from 
sale of struvite fertiliser amounted to only 4% total benefits for this WWTP (Maaß et al., 2014). Many of 
the costs and benefits will be similar to those found in Slough WWTP, with the exception of MgCl salt, 
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which is provided by Ostara. A similarly low % revenue benefit will be calculated for Slough WWTP, 
because the majority of benefits come from onsite savings, rather than revenue. It would be interesting 
to compare and contrast the costs and savings as expected in Slough WWTP against the results reported 
by Maaß et al., (2014). This would create further evidence for the benefits of P recovery in WWTPs. 
 
Figure 2-1: Costs and benefits of struvite production according to Maaß et al., (2014) 
Similarly to Slough WWTP, Miami-Dade Water and Sewer’s Department (MDWASD) is adding ferric 
sulphate (Fe2(SO4)3) to the centrifuge influent line as a short term measure to reduce nuisance struvite 
precipitation in their WWTPs (Vadiveloo et al., 2012). The solution has been recognised as costly, with 
ferric sulphate costs amounting to an estimated $47,000 per month (Vadiveloo et al., 2012). It is unclear 
what parameters were used to determine this estimated cost per month when using ferric sulphate 
dosing, i.e. sludge handling. 
One of the benefits described in literature, but unreported by Vadiveloo et al. (2012) and Maaß et al., 
(2014) is the improvement in the EBPR process in WWTP as a result of P recovery. The immediate 
benefits of P recovery are higher factor of safety on nitrification and EBPR, reducing stress on the 
process to allowing it to remove nutrients to a lower level than previously achieved (Bilyk et al., 2011). 
The reduction in P and NH4 load is said to improve the P removal capacity and reduce the demand for 
readily biodegradable chemical oxygen demand (rbCOD) for phosphate accumulating organisms (PAO), 
allowing more rbCOD to become available for denitrification (Britton et al., 2009). The reduced NH4+ 
load is expected to increase nitrification capacity and reduce effluent total N but no confirmation of 
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these effects has been reported (Britton et al., 2009). Baur (2010) report the reduced recycled P through 
the WWTP lowered P load to EBPR, making it more stable. 
Along with reducing P recycled in the WWTP, P recovery reduces the concentrations of P in the sludge 
(Baur, 2010). Biosolids application rates to land are based on the amount of N/acre, with P typically 
being in excess of plant requirements (Baur, 2010). A reduced concentration of P in sludge, when spread 
on land, lessens excess P in soils thereby reducing eutrophication risk. 
Britton et al. (2005) reported further reaching benefits of P recovery from WWTPs. Struvite production 
results in a 50% reduction of sulphur dioxide, carbon monoxide, and nitrous oxide and 80% less 
greenhouse gases production compared to traditional fertiliser manufacture (Britton et al., 2005). These 
reductions result from the fact that traditional fertiliser manufacture is energy intensive, involving 
mining, transport, thermal processes and direct combustion of fossil fuels (Britton et al., 2005). 
2.3.3 P removal efficiency 
In order for the best benefits of P recovery to be realised, P removal efficiencies must reach the 
maximum achievable by the system. Table 2-4 collates the P and NH4 removal efficiencies as reported in 
literature. 
Table 2-4: Total P, PO4-P and NH4-N removal efficiencies for various system scales as reported in literature 
Total P Removal PO4-P Removal NH4-N Removal System Reference 
 80%  n/a Battistoni et al., (2001) 
 75-85%  Pilot-scale Bhuiyan et al. (2008) 
80-90%  25% Ostara full-scale Bilyk et al., (2011) 
63-80% 70-82%  Field-scale apparatus Bowers & Westerman, (2005) 
 75%  Ostara pilot-scale Britton et al., (2005) 
80%  42% Ostara full-scale Britton et al., (2009) 
70-85%   Pilot-scale Marti et al., (2010) 
76-84%   Pilot-scale Pastor et al., (2008) 
 90% minimum  Full-scale Ueno and Fuji, (2001) 
 76-86%  Ostara pilot-scale Vadiveloo et al., (2012) 
 
Battistoni et al., (2001) achieved a PO4 removal efficiency of 80% by precipitating struvite from real 
anaerobic supernatant at bench scale. Various equations were utilised to analyse the efficiency of the 
system as provided in Equations 2-1 to 2-4. 
Crystallisation (recovery) efficiency (η × 100) 
Equation 2-1: η% =  
(PO4tot in− PO4tot out)
PO4tot in
× 100 
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Precipitation efficiency (Xf %) 
Equation 2-2: Xf% =  
(PO4tot out−PO4sol out)
PO4tot in
× 100 
Phosphate conversion (X %) 
Equation 2-3: X% =  η% + Xf% =  
(PO4tot in−PO4sol out)
PO4tot in
× 100 
Crystallisation percentage of PO4-MAP on total removed PO4 
Equation 2-4: PO4 − MAP% =  
(Mgin−Mgout)mol
(PO4tot in−PO4tot out)mol
× 100:  
Bhuiyan et al. (2008) used similar formulae to Equation 2-1 and reported PO4-P removal efficiencies of 
75-85% from a pilot-scale fluidised bed reactor crystallising struvite from digested sludge centrate. 
Bhuiyan et al. (2008) calculated the mass of struvite produced using Equation 2-5. 
Equation 2-5:  Struvite mass (kg day⁄ ) = Q. ∆CPO4 . MWs, 
where, Q = total flow into the reactor (L/day), ΔCPO4 = decrease in PO4-P concentrations (mol/L) and 
MWs = molecular weight of struvite (0.2454 kg/mol). 
Similarly to Battistoni et al. (2001), Pastor et al. (2008) made a distinction between P recovery efficiency 
and PO4 precipitation efficiency using Equation 2-6 and Equation 2-7. Precipitation efficiency represents 
the maximum P precipitation from a thermodynamic point of view whereas recovery efficiency takes 
both precipitation and crystal growth efficiencies into account (Pastor et al., 2010). 
Recovery efficiency (%) 
Equation 2-6 η% =
Ptot in− Ptotef
Ptotin
× 100:  
Precipitation efficiency (%) 
Equation 2-7: η% =
PO4in−PO4ef
PO4in
× 100 
2.3.4 Chemical dosing 
There are certain factors in WWTPs which affect the efficient recovery of P. According to Bhuiyan et al. 
(2008), the total organic carbon (TOC) levels in the reactor affect the performance perhaps by inhibiting 
the crystal growth. High Ca concentrations increased the amount of P lost with the effluent, because 
less P was precipitated as struvite instead forming amorphous calcium phosphate (ACP) (Pastor et al., 
2010; Marti et al., 2008). Also, high concentrations of Ca reduce struvite crystal size and inhibit its 
growth (Pastor et al., 2010). Along with Ca, one of the major factors affecting P recovery is the use of 
chemical P removal. 
Chemical P removal involves the incorporation of PO4-P into a solid using Fe or Al salts with the 
subsequent removal of the solid (Metcalf & Eddy, 2003). FeCl2 is a common chemical coagulant used to 
remove PO4-P into an insoluble P compound that is precipitated into sludge (Metcalf & Eddy, 2003). 
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Using chemical coagulation, it is possible to obtain a clear effluent free from suspended matter (Metcalf 
& Eddy, 2003). While this is an effective method for the removal of P from wastewater, there are certain 
drawbacks. Fe binds with P to produce iron phosphate minerals or adsorption complexes which are 
generally considered to reduce the concentrations of PO4 biologically available for recovery as struvite 
(Wilfert et al., 2015). Chemical P removal can produce as much as three times more sludge than an un-
dosed site (Ofverstrom et al., 2011). Lees et al. (2001) report that chemical dosing increased sludge mass 
by 35-45% when dosing directly into the secondary tank. This phenomenon will be investigated by the 
current research, as Slough WWTP is being slowly weaned off FeCl2 solution dosing. 
To maintain final effluent discharge targets, ferric salts were dosed in the secondary clarifiers of the 
Nansemond WWTP (Britton et al., 2009). This had the result of significantly reducing influent PO4-P 
concentrations from 650 mg/l to 140 mg/l (Britton et al., 2009). After the ferric dosing had been stopped 
for three weeks PO4-P concentrations exceeded 500 mg/l, as shown in Figure 2-2  (Britton et al., 2009). 
However, Figure 2-2 only shows the progression of PO4 concentrations and does not include Fe 
concentrations. Inclusion of Fe concentrations would have provided greater insight into the interaction 
between Fe and PO4 concentrations. 
 
Figure 2-2: Influent and effluent PO4-P concentrations over time in response to switching on/off Fe chemical dosing at pilot 
scale Ostara P recovery system (Britton et al., 2009) 
Mudragada et al., (2014) found a linear relationship between total P reduction and ferric dosing at 
bench- and full-scale experiments. However, the aim of the Mudragada et al. study was to increase Fe 
concentrations to reduce soluble P concentrations and suppress struvite precipitation. This is an 
opposite objective of this research which aims to increase PO4 concentrations and struvite precipitation 
by reducing Fe solution dosing.  
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There are few papers which describe the effects of reducing chemical dosing to improve struvite 
recovery. Hence this is a research gap which this project aims to address. 
2.3.5 Mass balances 
Pastor et al. (2010), state that it is necessary to conduct a mass balance of the anaerobic digestion plus 
crystallisation process to evaluate the significance of the P recycling. The current research project will 
address this recommendation and extend the mass balance to evaluate effects on the entire WWTP.  
Much of this research project is based upon original research conducted by Yasmin Jaffer for Thames 
Water Utilities Ltd. in 2000-2002. Literature published by Jaffer et al. (2002) describes the potential P 
recovery by struvite formation, using Slough WWTP as a case study. A mass balance of Slough WWTP 
identified the centrifuge centrate stream as the most suitable for struvite recovery. Barat et al. (2009) 
also found struvite precipitation mainly occurred in the digestion stage of sludge treatment in their 
Spanish WWTP which operates EBPR. The formation of struvite after digestion has been widely 
acknowledged as early as 1939 (Doyle & Parsons, 2002). 
The mass balance in Figure 2-3 produced by Jaffer et al. (2002) displays the flows of P, Mg, and NH4+ at 
Slough WWTP. The centrifuge centrate flow contains the highest concentrations of these three 
components meaning it has the highest potential for struvite to precipitate. Based on bench-scale 
experiments Jaffer et al. (2002) report that 95% of the total P could be removed from the centrifuge 
centrate as struvite. It is yet to be seen if the full scale Ostara reactor will achieve this predicted 
percentage PO4-P removal. 
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Figure 2-3: Mass balance showing 2002 total P flows, N flows, Mg flows, struvite precipitation potential, and mass flows at Slough WWTP (Jaffer et al., 2002) 
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The composition of the centrifuge centrate at the time of Jaffer et al.’s (2002) publication is shown in 
Table 2-5. The characteristics of the centrifuge centrate have changed since the time Jaffer et al.’s 
(2002) paper was published. The change in characteristics is due to a change in influent sewage as a 
result of changing industrial activities in Slough WWTP and an increase in chemical dosing to control 
struvite precipitation. The 2002 mass balance must be updated to depict the changes experienced 
onsite after the thirteen year period. This mass balance is no longer relevant to describe accurately the 
movement of P and other material around the site. 
Table 2-5: 2002 average centrifuge centrate concentrations at Slough WWTP (Jaffer et al., 2002) 
 Total P 
(mg/l) 
PO4-P 
(mg/l) 
Mg 
(mg/l) 
NH4  
(mg/l) 
Ca 
(mg/l) 
Alkalinity 
(mg/l) 
pH 
Jaffer et al. (2002) 167 94.9 44 615 56 2580 7.6 
Current characteristics 95 62 28 705 138 2753 7.8 
 
Barat et al. (2009) created mass balances of their WWTP to locate sources of struvite precipitation and 
its causes. Similar to Slough WWTP, the Spanish WWTP operates an EBPR process to remove P from 
wastewater. It was concluded that the high concentration of NH4-N and the increase of pH to 7.5 during 
anaerobic digestion gave rise to struvite precipitation. While the entire site was sampled to input data 
into the mass balance, the site was only sampled four times in two weeks. These data are not 
comprehensive enough to thoroughly describe the workings of a WWTP. 
According to Jaffer et al.’s (2002) mass balance, 26% of the P and 20% of the Mg entering the works is 
due to return liquors from sludge treatment processes. Evans (2009) reports that P and N recycled back 
to the head of the WWTP contributes up to 20% of influent flow. In contrast, Ueno & Fuji report that 
70% of the P load entering the sewage works is due to the sidestreams. Due to the changes in Slough 
WWTP the contribution of P to the head of the WWTP may have changed significantly. 
Britton et al. (2009) tested a pilot of the Ostara reactor at Nansemond WWTW, USA. This is one of very 
few studies which detailed the flows of P prior to the installation of the recovery system but, the 
changes resulting from recovery are not described (see Figure 2-4). The centrate P load to the head of 
the works is calculated as 37%. By recovering P as struvite, Britton et al. (2009) suggest the load can be 
reduced by over 30%, but this has not been calculated. This is another area which can be investigated by 
the current research project. 
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Figure 2-4: Mass balance showing total P concentrations across Nansemond WWTP (Britton et al., 2009) 
2.3.6 Research gaps 
Upon reviewing the literature on P recovery from sludge dewatering liquors it is clear there are gaps in 
the research which this project can address. This research is in a good position to use Slough WWTP as a 
case study to fill these research gaps. While there is a certain amount known on the P removal 
efficiencies of bench-, pilot-, and full-scale systems, little is known of the effect of chemical dosing on 
PO4-P concentrations and P recovery efficiencies. This topic has been addressed to an extent in 
literature, but there is a lot more research which can be conducted in this area. Slough WWTP plans to 
reduce chemical FeCl2 solution dosing gradually until a minimum is reached which achieves good P 
recovery and allows the WWTP to meet regulatory discharge consents. During this period of chemical 
“weaning” the Fe and PO4 concentrations in the WWTP can be compared and conclusions drawn on the 
interactions between the two parameters. It would be useful if this research could recommend a 
suitable time for the weaning of chemical dosing to begin prior to installation of a P recovery process. 
The benefits of P recovery are broadly known, but there is a lack of quantification of the benefits, 
especially at full-scale in WWTPs. This research can describe the actualised benefits of full-scale P 
recovery on Slough WWTP, comparing the effects before and after P recovery. Direct and indirect costs 
and savings including, costs, savings and reduction in sludge volumes, can be evaluated and reported. 
This research can extend beyond the local effects of P recovery for one WWTP and describe the broader 
effects of P recovery in a national context. 
This research can update and extend the knowledge gained from the original mass balance produced in 
Slough WWTP in 2002 by Jaffer et al. The original mass balance focused on identifying a suitable location 
for a P recovery system. The updated mass balance can describe the effects of this P recovery system on 
the WWTP. This project benefits from having access to Slough WWTP both before and after the 
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installation of the P recovery system. Using this information the actualised effects of P recovery can be 
evaluated, quantified, and reported. 
 
2.4 P recovery from ISSA and PSSC 
2.4.1 Introduction 
Incineration and pyrolysis are very distinct processes which achieve destruction and reduction of solids 
using heat. A table of the differences between the two processes is outlined below. There are major 
differences between the incineration and pyrolysis processes, the most important being the amount of 
air (O2) present. Incineration is the combustion of waste in an excess of O2 which recovers heat to create 
steam that produces power through steam turbines and ash (Samolada & Zabaniotou, 2014). Pyrolysis is 
the thermal decomposition of waste in an inert, O2 deficient atmosphere under pressure which 
produces gas, liquid, and solid char (Samolada & Zabaniotou, 2014; Tyagi & Lo, 2013).1 
Table 2-6: Description of the differences between the incineration and pyrolysis processes 
Incineration Pyrolysis 
Presence of air (Samolada & Zabaniotou, 2014) Air (and oxygen) deficient atmosphere (Friends of the 
Earth, 2009) 
Highly exothermic reaction (Samolada & Zabaniotou, 
2014) 
Endothermic reaction (Samolada & Zabaniotou, 2014) 
Possible harmful emissions (Samolada & Zabaniotou, 
2014) 
Fewer air emissions (dioxins) produced than 
incineration, due to lower operating temperatures and 
absence of oxygen (Friends of the Earth, 2009) 
(Samolada & Zabaniotou, 2014) 
Larger unit footprint (Samolada & Zabaniotou, 2014) Flexible modular units can operate at smaller scale than 
incineration. Small footprint (Friends of the Earth, 2009) 
Incineration fully converts input waste into energy and 
ash (Juniper, 2015) 
Conversion limited so combustion does not occur 
directly, leading to the production of various outputs 
gases, oils, and char (Friends of the Earth, 2009) 
Recovery of renewable energy (Samolada & Zabaniotou, 
2014) 
Syngas generates energy more efficiently (Friends of the 
Earth, 2009). Recovery of renewable energy (Samolada 
& Zabaniotou, 2014) 
 Self-sustaining facility, fuel is required only for start-up 
operations (Juniper, 2015) 
Less scope for recovery of product (Juniper, 2015) More scope for recovery of products (Juniper, 2015) 
Residues can be used as concrete aggregates or for road 
construction materials (Samolada & Zabaniotou, 2014) 
 
                                                          
1 “ISSA” is the standard abbreviation for incinerated sewage sludge ash. This research proposes that “PSSC” 
become the standard abbreviation for pyrolysed sewage sludge char. “Char” refers to any variety of solid residue 
produced during pyrolysis. 
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More proven technology for most applications (Juniper, 
2015) 
 
Thermal destruction of pathogens and odour 
minimisation (Samolada & Zabaniotou, 2014) 
Thermal destruction of pathogens and odour 
minimisation (Samolada & Zabaniotou, 2014) 
Ash is potential hazardous due to its heavy metal 
content (Samolada & Zabaniotou, 2014) 
Lower heavy metal content than incineration (Samolada 
& Zabaniotou, 2014) 
 
The aim of incineration is the complete oxidation of organic compounds in waste. Solids are burned at 
high temperatures in a combustion chamber with excess O2 to form CO2 and H2O, leaving an inert solid 
ash (Tyagi & Lo, 2013).  Thames Water’s Beckton and Crossness sewage sludge incinerators operate at 
temperatures between 850-950°C. The incinerator must operate above 850°C to ensure minimal dioxin 
formation, but below 950°C to ensure slag formation (melting of ash) does not occur. 
During pyrolysis waste is converted into char, pyrolysis oils, water vapour, and combustible gases (Tyagi 
& Lo, 2013). Pyrolysis is similar to the process used for the production of charcoal (Lehmann & Joseph, 
2009). There are two types of pyrolysis systems; fast and slow pyrolysis. Fast pyrolysis is carried out at 
high heating rates, moderate temperatures (500°C) and short gas residence times (<2s) with quick 
quenching of vapours (Tyagi & Lo, 2013). The main product from fast pyrolysis is pyrolysis liquid also 
known as bio-oil or pyrolysis oil (Fonts et al., 2012). Slow pyrolysis is conducted at milder heating rates 
and temperatures (350-600°C) (Samolada & Zabaniotou, 2014). The pyrolysis process used in Mitcham is 
known as ‘flash pyrolysis’; pyrolysis occurs at temperatures of 850°C for a duration of 2 minutes. The 
reactions occurring in pyrolysis alter the molecular structure of the solids and release CO2, leading to 
‘carbonized’ solids (Tyagi & Lo, 2013). Pyrolysis produces fewer pollutants (dioxins and furans) than 
incineration due to the lower temperatures and absence of O2. The low operating temperature leads to 
fewer gaseous pollutants, as a result of this heavy metals remain trapped within the solid carbonaceous 
matter (Samolada & Zabaniotou, 2014).  
The economic viability of pyrolysis is a barrier to its uptake. The viability of pyrolysis could be 
substantially improved if the gases are used as a fuel and the pyrolysis liquids are used for the 
production of chemicals. The resulting solids from pyrolysis have been identified as potential adsorbents 
for the removal of pollutants such as H2S and NOx in gaseous streams. Other applications for pyrolysis 
solids include the production of activated carbon and use of biochar as a soil amendment (Samolada & 
Zabaniotou, 2014; Bridle & Pritchard, 2004). Char has been recognised as a useful soil amendment due 
to its high nutrient content (Hossain et al., 2009). Char produced at lower temperatures is suitable for 
agricultural uses, while high temperatures increase the porosity of char leading to its suitability for use 
as a contaminant absorbent in soil (Agrafioti et al., 2013).  
There has been little research, as far as the author is aware, into the removal of P from PSSC and the 
production of a P-rich fertiliser which is a current path of research for ISSA. It is clear due to the 
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differences in the processes that each produces differing residues with varying chemical and physical 
characteristics. Therefore, P recovery from each residue needs to be compared and contrasted. This 
literature review investigates the fate of P in solids (sewage sludge, municipal solid waste, manure, and 
plants) following incineration and pyrolysis, i.e. thermal treatment. The variation in mineralogy of the 
solids as a result of thermal treatment is described in the subsequent section. The main objective of the 
initial part of the literature review is to determine the effects of thermal treatments on the form of P in 
solids and its mineralogy. 
Sections 2.4.2 and 2.4.3 compare and contrast the fate of P of solids during the incineration and 
pyrolysis processes. Sections 2.4.4 to 2.4.6 review the effects of acid/base leaching extraction on the P 
forms in solids. 
2.4.2 P and P2O5 contents 
The P contents of the various solids before thermal treatment are summarised in Table 2-7 and Table 
2-8, and the P2O52 contents of solids are detailed in Table 2-9 and Table 2-10. Manure and sewage 
sludge contain greater %P compared to plant solids, i.e. bagasse and bamboo. The higher content of P in 
manure/sewage sludge is presumably due to the natural effects of P accumulation in faeces/urine. 
Sewage sludge contains greater % P content (1.53-4.18%) than manure (0.29-3.02%) due to the 
concentrating effects of wastewater treatment of P into sludge solids. 
Table 2-7: %P content of solids before thermal treatment as reported in literature 
Sample %P Reference 
Dried sewage sludge 4.18 Hernandez et al., (2011) 
Sewage sludge 3.77 Gao et al., (2014) 
Pig manure 3.02 Tsai et al., (2012) 
Pig manure 2.47 Cantrell et al., (2012) 
Sewage sludge 2.40 Bridle & Pritchard, (2004) 
Sewage sludge 2.09 Wang et al., (2012) 
Turkey litter 1.61 Cantrell et al., (2012) 
Sewage sludge 1.53 Song et al., 2014) 
Poultry litter 1.39 Cantrell et al., (2012) 
Dairy manure 0.86 Cao & Harris, (2010) 
Dairy manure 0.56 Cantrell et al., (2012) 
Cattle manure 0.29 Wang et al., (2012) 
Bamboo 0.08 Sun et al., (2014) 
Giant reed 0.05 Zheng et al., (2013) 
Bagasse 0.01 Sun et al., (2014) 
                                                          
2 P2O5 is the standard method of describing the P content of solids intended for use as fertilisers. 
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Observing the %P content after incineration (Table 2-8), there is a broad spectrum of values ranging 
from 0.4% in municipal solid waste incinerator (MSWI) residues to 20.7%-24.7% in incinerated pig 
manure. Phosphate is thermally stable and does not volatilise in incineration at 800-900°C (Donatello & 
Cheeseman, 2013). As for pyrolysed samples, %P showed a much lower range from 0.02%-0.05% in 
hickory wood to 6.1%-7.7% in pig manure. Focusing on only sewage sludge samples, the range is much 
smaller for incinerated samples varying from 3.6% in Ca-rich sewage sludge to 12.9%-13.4% in ISSA 
reported by Guedes et al., (2014). The difference in %P may be due to the incineration process 
characteristics such as temperature, retention time, and %P content of the original feedstock. The 
variation in %P may also be attributed to the mineralogical make-up of the solid incinerated samples. 
Cohen (2009) found that ash originating from the incineration of biologically treated sludge exhibited 
the highest %P content (9.8%) compared to sludge precipitated using Al or Fe salts. A higher P content 
(18%) was discovered in animal carcass ash, this is presumably due to the greater P content in 
incineration feedstock (Cohen, 2009). The %P in pyrolysed sewage sludge char (PSSC) samples displayed 
a more consistent range of 2.97-5.06%. This may be attributed to a low sample size (sewage sludge %P 
reported in four journal papers). Comparing %P content before and after thermal treatment, the 
majority of samples displayed in increase in %P.  
Table 2-8: % P content of solids after incineration and pyrolysis as reported in literature 
In
ci
n
er
at
io
n
  
Sample % P Reference 
Pig manure 20.70- 24.7 Huang et al., (2011) 
Animal carcass ash 18.34 Cohen, (2009) 
Mink manure 14.70 - 18.8 Thygesen & Johnsen, (2010) 
ISSA 12.90 - 13.4 Guedes et al., (2014) 
Wood fuel 12.70 Elled et al., (2006) 
Bark pellets 11.90 Elled et al., (2006) 
ISSA precipitated with Fe 9.90 Ottosen et al., (2013) 
ISSA dosed with Fe salts & bio-P process 9.80 Cohen, (2009) 
Pig manure 8.60 - 14.90 Thygesen & Johnsen, (2010) 
Chicken manure incineration ash 8.45 Kaikake et al., (2009) 
Anaerobically digested ISSA 8.20 - 14.30 Thygesen & Johnsen, (2010) 
ISSA 8.00 - 11.00 Petzet et al., (2012) 
ISSA 9.37 Herzel et al., (2015) 
ISSA precipitated with Al 6.99 Ottosen et al., (2013) 
ISSA dosed with Al salts 6.80 Cohen, (2009) 
Fe-rich sewage sludge 6.80 Mattenberger et al., (2010) 
ISSA dosed with Fe salts 5.80 Cohen, (2009) 
ISSA 5.70 - 7.80 Donatello et al., (2010) 
ISSA 4.62 Mattenberger et al., (2008) 
ISSA 3.90 - 9.20 Franz, (2008) 
ISSA 12.3 Ebbers et al., (2015) 
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Table 2-9: P2O5 content of solids before thermal treatment as reported in literature 
Sample % P2O5  Reference 
Domestic sewage sludge 22.00 Hossain et al., (2009) 
Industrial sludge 9.10 Hossain et al., (2009) 
Sewage sludge precipitated with Al2(SO4)3 6.13 Pettersson et al., (2008) 
Sewage sludge precipitated with Fe2(SO4)3 5.86 Pettersson et al., (2008) 
Commercial sludge 5.60 Hossain et al., (2009) 
Pig manure 5.20 Huang et al., (2011) 
Cattle manure 1.50 Huang et al., (2011) 
Wood pellets 1.27 Pettersson et al., (2008) 
Cornstalk 0.30 Huang,et al., (2011) 
Ca-rich ISSA 3.60 Mattenberger et al., (2010) 
Cattle manure 3.40 - 6.90 Thygesen & Johnsen, (2010) 
Cattle manure 3.40 - 3.90 Huang et al., (2011) 
Paper-mill sludge (chemically precipitated) 1.30 Elled et al., (2006) 
MSWI residues 0.59 Kalmykova & Karlfeldt Fedje, (2013) 
MSWI residues 0.40 Bayuseno et al., (2009) 
P
yr
o
ly
si
s 
Pig manure 6.10 - 7.70 Tsai et al., (2012) 
PSSC 5.60 Bridle & Pritchard, (2004) 
PSSC 4.30 Gao et al., (2014) 
PSSC 3.42 - 3.68 Song et al., (2014) 
PSSC 2.97 - 5.06 Wang et al., (2012) 
Turkey litter 2.62 - 3.66 Cantrell et al., (2012) 
Turkey litter 0.11 Kim et al., (2009) 
Pig manure 2.08 - 3.12 Cantrell et al., (2012) 
Poultry litter 1.14 - 1.76 Cantrell et al., (2012) 
Chicken litter 0.09-0.1 Kim et al., (2009) 
Dairy manure 1.00 -  1.69 Cantrell et al., (2012) 
Dairy manure 0.91 - 2.66 Cao & Harris, (2010) 
Timothy Grass 0.49 - 0.49 Mohanty et al., (2013) 
Wetland plants 0.48 - 1.07 Liu et al., (2011) 
Rice husk 0.47 Qian et al., (2013) 
Cattle manure 0.36 - 0.83 Wang et al., (2012) 
Wheat Straw 0.35 - 0.36 Mohanty et al., (2013) 
Bamboo 0.24 - 0.54 Sun et al., (2014) 
Pig manure 0.15 Azuara et al., (2013) 
Giant reed 0.12 - 0.17 Zheng et al., (2013) 
Bagasse 0.05 - 0.08 Sun et al., (2014) 
Pinewood 0.05 - 0.06 Mohanty et al., (2013) 
Hickory wood 0.02 - 0.05 Sun et al., (2014) 
Wheat straw, flax straw, sawdust, poultry litter 3.32-3.35 Azargohar et al., (2014) 
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Single super phosphate fertiliser 18.00-20.00 Adam et al., (2009) 
 
Table 2-9 displays the P2O5 content of untreated solids, showing that the P2O5 content is greatest in 
sewage sludge compared to plant and manure solids, presumably due to the concentrating effects of 
wastewater treatment on P. The P2O5 percentage content of single superphosphate is provided for 
comparison. Hossain et al., (2009) measured a high percentage of P2O5 contained in sewage sludge 
derived from domestic sources. Domestic sources are known to contain high P amounts compared to 
non-domestic sources, because detergents used in households account for 25% of P in wastewater 
(Richards et al., 2015). 
Table 2-10 shows the P2O5 contents of incinerated solids, notably P2O5 contents of pyrolysed samples 
was found in literature. Due to the oxygen deficient atmosphere of pyrolysis P oxides (P2O5) could not be 
created. Incineration occurs in the presence of oxygen, allowing the formation of P oxides unlike 
pyrolysis. P2O5 content of incinerated solids ranges from 0.7%-0.8% to 21.9%-24.5%, with sewage sludge 
appearing at the higher end of this spectrum at 7.02% to 25.7%. Adam et al. (2009) report that P2O5 
content of incinerated sewage sludge ashes ranged from 13.7-25.7%. The lower 13.7% P2O5 content was 
attributed to the transfer and subsequent dilution of SiO2 from the fluidised sand bed into the ash 
(Adam et al., 2009). Phosphate contents of ISSA are in the range of 10-25 wt. %P2O5, while phosphate 
rock ore contains 5-40 wt. %P2O5 (Steen, 1998). 
Table 2-10: % P2O5 content of solids after incineration as reported in literature 
 Sample P2O5 % Reference 
In
ci
n
er
at
io
n
 
ISSA 13.70 - 25.70 Adam et al., (2009) 
Coal 0.13 ± 0.1 Beck & Unterberger, (2007) 
Coal 0.36 - 2.48 Zhang & Ninomiya, (2007) 
Coal + Calcium phosphate 11.80 ± 0.10 Beck & Unterberger, (2007) 
ISSA 14.80 Cyr et al., (2007) 
ISSA 12.30 - 17.50 Donatello et al., (2010) 
ISSA 14.80 Mahieux et al., (2010) 
ISSA 21.90 - 24.50 Zhang & Ninomiya, (2007) 
ISSA 19.20 Zhang et al., (2008) 
MSW 2.75 - 3.34 Arvelakis & Frandsen, (2005) 
Milled bottom ash 1.34 - 1.44 Bethanis et al., (2002) 
ISSA 11.80 Chen et al., (2013) 
ISSA 7.02 Chiou et al., (2006) 
Cornstalk 4.30 - 8.50 Du et al., (2014) 
Cornstalk 2.70 - 3.40 Huang et al., (2011) 
Wheat Straw 4.10 - 3.20 Du et al., (2014) 
Rice straw 2.50 - 5.10 Du et al., (2014) 
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Poplar 5.70 - 9.00 Du et al., (2014) 
Cotton stalk 7.10 - 7.60 Du et al., (2014) 
Rape straw 2.30 - 2.70 Du et al., (2014) 
Tobacco stem 3.70 - 4.10 Du et al., (2014) 
Pine 2.40 - 2.70 Du et al., (2014) 
Bamboo 5.30 - 6.40 Du et al., (2014) 
Rice husk 0.70 - 0.80 Du et al., (2014) 
Peanut shell 8.20 - 8.90 Du et al., (2014) 
SSA 8.90 - 21.00 Franz, (2008) 
MSWI residues 1.78 - 2.33 Karlfeldt & Steenari, (2007) 
MSWI residues 2.49 Wan et al., (2006) 
Sewage sludge 15.20 - 27.40 Xu et al., (2012) 
2.4.3 Mineralogy of ISSA and PSSC 
A paper written by Hernandez et al. (2011) was the only source found by the author which described the 
minerals present in dried sewage sludge. The lack of information may be due to the incompatibility of 
sewage sludge with equipment required to analyse mineral content of solids. Vivianite was the 
identified mineral in the sample, as this is known to precipitate during sewage sludge treatment. 
Following gasification Hernandez et al. (2011) detected many minerals; whitlockite, stanfieldite 
[Ca2+4(Mg2+, Fe2+)5(PO4)6], and farringtonite. The authors state that the formation of stanfieldite and 
farringtonite in gasified sewage sludge are not reported in other literature and may be distinctive of 
gasification processing.  However, observing Table 2-11, Adam et al. (2009) observed the presence of 
stanfieldite and farringtonite in their ISSA samples. Adam et al. (2009) noted the existence of 
magnesium phosphate (farringtonite [Mg3(PO4)2]) at a temperature of 750°C in ISSA samples 
thermochemically treated with MgCl2. Viewing Figure 2-5 at temperatures exceeding 850°C mixed Mg 
and Ca-phosphate stanfieldite [Ca4Mg5(PO4)6] forms. This is possibly at the expense of magnesium 
phosphate which slowly fades at approximately 1000°C. 
Table 2-11: Minerals present in various solids after incineration and pyrolysis as reported in literature 
 Minerals present Solid Reference 
 
Magnesium whitlockite 
[Ca18Mg2H2(PO4)14] 
ISSA Mahieux et al., 2010) 
In
ci
n
er
at
io
n
 
Whitlockite [Ca3(PO4)2] ISSA (thermochemically treated 
with MgCl2) 
Adam et al., 2009) 
Whitlockite [Ca7Mg2P6O24] ISSA Cheeseman et al., (2003) 
Whitlockite [β-Ca3(PO4)2 or 
Ca7Mg2P6O24] 
ISSA Cyr et al., (2007); Mahieux et al., 
(2010); Nowak et al., (2011) 
Whitlockite [β-Ca3(PO4)2] MSWI residues Nowak et al., (2013) 
Whitlockite [Ca3(PO4)2] ISSA Donatello et al., (2010) 
Petzet et al., (2012) 
Whitlockite [Ca3(PO4)2] MSWI residues, paper mill sludge, Elled et al., (2006) 
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wood, bark pellets 
Whitlockite [Ca3(PO4)2] MSWI residues Piantone et al., (2003) 
Pentacalcium hydroxyl 
triphosphate [Ca5HO13P3] 
MSWI residues, paper mill sludge, 
wood, bark pellets 
Elled et al., (2006) 
Aluminium phosphate [AlPO4] ISSA (thermochemically treated 
with MgCl2) 
Adam et al., (2009) 
Aluminium phosphate [AlPO4] ISSA Cheeseman et al., (2003) 
Aluminium phosphate [AlPO4] Municipal sewage sludge, paper 
mill sludge, wood, bark pellets 
Elled et al., (2006) 
Chlorspodiosite [Ca2PO4Cl] ISSA (thermochemically treated 
with MgCl2) 
Adam et al., (2009) 
Chlorapatite [Ca5(PO4)3Cl1-x(OH)x] ISSA (thermochemically treated 
with MgCl2) 
Adam et al., (2009) 
Farringtonite [Mg3(PO4)2] ISSA (thermochemically treated 
with MgCl2) 
Adam et al., (2009) 
Stanfieldite [Ca4Mg5(PO4)6] ISSA (thermochemically treated 
with MgCl2) 
Adam et al., (2009) 
Spinel type [Mg(Al,Fe)2O4] ISSA (thermochemically treated 
with MgCl2) 
Adam et al., (2009) 
Indialite/Cordierite [Mg2Al4SiO18] ISSA (thermochemically treated 
with MgCl2) 
Adam et al., (2009) 
Iron phosphate [Fe4(P4O12)3] ISSA Biswas et al., (2009) 
Aluminium phosphate [Al(PO3)3] ISSA Biswas et al., (2009) 
Hydroxyapatite [Ca5(PO4)3(OH)] Chicken manure incineration ash Kaikake et al., (2009) 
Hydroxyapatite [Ca5(PO4)3(OH)] Straw, straw co-combusted with 
wood, straw co-combusted with 
bark 
Nordgren et al., (2013) 
KCa(PO4) MSWI residues Kalmykova & Karlfeldt Fedje, 
(2013) 
Calcium-iron phosphate 
[Ca9Fe(PO4)7] 
ISSA – secondary cyclone ash, bag-
filter ash 
Pettersson et al., (2008) 
Apatite [Ca10(PO4)6(OH, F, Cl)2] MSWI residues Piantone et al., (2003) 
Apatite [Ca5(PO4)3OH] MSWI residues Bayuseno et al., (2009) 
Garnet [Ca3(Al, Fe)2(Si,P)3O12] 
MSWI residues Bayuseno et al., (2009) 
P
yr
o
ly
si
s 
Barringerite [Fe2P] PSSC Abrego et al., (2009) 
Ca2P2O7 Wheat straw, timothy grass, 
pinewood 
Mohanty et al., (2013) 
Struvite [MgNH4PO4.6H2O] Cattle manure Wang et al., )2012) 
Whitlockite [Ca,Mg)3(PO4)2] Dairy manure Cao & Harris, (2010) 
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Figure 2-5: Mineral phases present in raw ash and ISSA at temperatures between 450°C and 1050°C (Adam et al., 2009) 
Black circle = phase detected by XRD, grey circle = phase just (dis)appearing, and white circle = phase not detected by XRD 
(Adam et al., 2009) 
Many researchers have confirmed the presence of whitlockite (in various chemical forms) in incinerated 
solid samples. Beginning with Adam et al. (2009), the researchers detected whitlockite [Ca3(PO4)2] in 
their ISSA samples, following thermochemical treatment with MgCl2 between 450-600°C whitlockite 
reacts with CaCl2 to form chlorspodiosite [Ca2PO4Cl] and chlorapatite [Ca5(PO4)3Cl1-x(OH)x] (see Figure 
2-5). Above 750°C whitlockite is no longer detectable in the samples. Chlorspodiosite is an intermediary 
species which disappears as Cl concentrations reduce (Adam et al., 2009). In contrast, chlorapatite 
becomes the dominant phosphate-bearing phase until the maximum temperature of 1050°C is achieved 
(Adam et al., 2009). The x-ray diffraction (XRD) results from analysis of ISSA (as-received) carried out by 
Cheeseman et al. (2003) is provided in Figure 2-6. It was detected that whitlockite [Ca7Mg2P6O24] was a 
major crystalline phase; while minor peaks in XRD data may correspond to aluminium phosphate 
[AlPO4], which is in agreement with Adam et al. (2009). Again, Cyr et al., (2007) found the presence of 
whitlockite in ISSA. Cyr et al. (2007), note that CaO and P2O5 combine to form approximately 26% 
whitlockite, which is weakly soluble in a basic environment. Cyr et al. (2007) state that ISSA generally 
contains calcium phosphate which may form whitlockite or hydroxylapatite [Ca5(PO4)3OH] depending 
upon the sludge composition, and time and temperature of incineration. Donatello et al. (2010b) 
confirm the presence of whitlockite in their ISSA samples (Figure 2-7), but were unable to confirm if the 
whitlockite was a pure tri-calcium variety or if partial substitution of Ca with Fe or Al occurred. The 
authors determine that if insufficient Ca is present in ISSA all P cannot exist as pure Ca3(PO4)2. It is likely 
that Ca is substituted for Fe, Mg or Al, therefore P would exist as FePO4, AlPO4, Ca3(PO4)2 or a mixture of 
these compounds (Donatello et al., 2010b). Upon conducting XRD analysis of ISSA, Mahieux et al., (2010) 
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concluded that the main crystallised minerals were whitlockite and/or Ca18Mg2H2(PO4)14 (Figure 2-9 and 
Figure 2-8). In addition to this, scanning electron microscope (SEM-EDX) analysis confirmed the presence 
of whitlockite, as shown in Figure 2-9. According to Arvelakis et al. (2005), SEM-EDX overestimates the 
amount of most elements, e.g. Ca, Zn, Mg, Na, Al, Fe, in solids, while it underestimates elements such as 
Si, P, Ti, K compared to inductively couple plasma (ICP) analysis. Mahieux et al.’s (2010) micropore CaO-
MgO-P2O5 diagram presented in Figure 2-10 relates to calcium phosphates. The analysis shows that 
calcium phosphate composition varies from pure whitlockite [Ca3(PO4)2] to magnesium whitlockite 
[Ca18Mg2H2(PO4)14] (Mahieux et al., 2010). Attack of ISSA with HCl-KOH allows the classification of 
whitlockite as a soluble mineral in agreement with Cyr et al. (2007) (Mahieux et al., 2010). Again, 
comparing with results from other researchers, Nowak et al. (2013) confirmed the presence of 
whitlockite in ISSA and MSWI residues using XRD analysis. The abundance was also recorded by Nowak 
et al. (2013), with 34.4% and 6.4% whitlockite present in ISSA and MSWI, respectively. Elled et al. (2006) 
discuss the fate of P during combustion of municipal sewage sludge, paper mill sludge, wood, and bark 
from a thermodynamic equilibrium point of view. It was discovered that in all cases P condensed as 
whitlockite or pentcalcium hydroxyl triphosphate [Ca5HO13P3]. P completed consumed available Ca in 
municipal sewage sludge at all temperatures, while remaining P formed AlPO4 (Elled et al., 2006). The 
presence of whitlockite is mentioned by only one author analysing pyrolysis residues, namely Cao & 
Harris (2010) which is listed in Table 2-11.  
 
Figure 2-6: Graph of mineral peaks detected by XRD analysis of sintered and as-received ISSA samples (Cheeseman et al. 
2003) 
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Figure 2-7: Graph of mineral peaks as detected by XRD analysis of ISSA before (bottom) and after (top) acid washing with 4M 
H2SO4 (Donatello et al., 2010) 
 
 
Figure 2-8: Graph of XRD peaks as detected during analysis of ISSA samples (Mahieux et al., 2010) 
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Figure 2-9: SEM image (left) and EDS elemental peaks (right) from analysis of ISSA (Mahieux et al., 2010) 
 
 
Figure 2-10: Micropore mineral analysis of ISSA. Based upon ratios the most likely mineral is Whitlockite (Mahieux et al., 
2010) 
The presence of AlPO4 was mentioned briefly in the discussions surrounding whitlockite in the findings 
of Donatello et al. (2010) and Elled et al. (2006). Adam et al. (2009) proved the existence of crystalline 
AlPO4 in ISSA and found that this mineral is thermally more stable than whitlockite. The thermal 
degradation of aluminium phosphate produces aluminium oxide which reacts with other compounds in 
ash to form two Al- and Mg-bearing compounds, namely; spinel type [Mg(Al,Fe)2O4] and 
indialite/cordierite [Mg2Al4SiO18] (Adam et al., 2009). 
In 2009, Kaikake et al. conducted XRD analysis of chicken manure incineration ash (CMIA) which showed 
the presence of hyroxyapatite Ca5(PO4)3(OH). Kaikake et al., (2009) carried out Fourier transform 
infrared spectroscopy (FTIR) analysis of CMIA, as displayed in Figure 2-11. Characteristic peaks at 600-
1200 cm-1 confirmed the presence of Ca5(PO4)3(OH). A broad band at 1116-1118 cm-1 was assigned to 
P=O. The P-OH bands were detected at 947-1045 cm-1 respectively, thus the conclusion was drawn that 
P was present as a hydroxyapatite (Kaikake et al., 2009). In contrast to much research, Kalmykova et al. 
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(2013) noted the presence of P as KCa(PO4) in municipal solid waste incineration flay ash (MSWI), as 
detected using XRD analysis (Figure 2-12). 
 
Figure 2-11: FT-IR spectrum of incinerated chicken manure ash (Kaikake et al., 2009) 
 
 
Figure 2-12: Graph of mineral peaks as detected by XRD analysis of incinerated municipal solid waste residues. Numbers on 
peaks refer to minerals outlined at bottom of image (Kalmykova & Karlfeldt Fedje, 2013) 
Beck et al., 2004 produced equilibrium equations (Equations 2-8 to 2-11) describing possible formations 
of P in flue gases during combustion in the range of 400-1400°C. Fly ash is the substance left over after 
flue gas from incineration is filtered (Pearce, 2015). In all calculations P oxides or phosphoric acid (in 
presence of water vapour) is present. In the boiler exceeding 1100°C, Ca phosphates react with C and Si 
according to Equation 2-8 and Equation 2-9 (Beck et al., 2004): 
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Equation 2-8: 2Ca5OH(PO4)3 (s) + 6SiO2 (s) + 10C (s) + 2O2 (g) → 6CaSiO3 (s) + 1.33Ca3(PO4)2 (s) + 10CO (g) + H2 (g) + 0.66P2O3 (g) 
+ P2 (g) 
Equation 2-9: 2Ca3(PO4)2 (s) + 6SiO2 (s) + 10C (s) → 6CaSiO5 (s) + 10CO (g) + P4 (g) 
The reaction completes at 1500°C. Concurrently, elemental P reacts with excess O2 as per the equation 
below: 
Equation 2-10: P4 (g) + 5O2 (g) → P4O10 (g) 
Subsequently, the P oxide reacts with water vapour to form phosphoric acid: 
Equation 2-11: P4O10 (g) + 6H2O (g) → 4H3PO4 (g) 
Between temperatures of 300-400°C, polyphosphates are formed which consist of O-P-O chains. At 
temperatures between 400-500°C, gaseous phosphoric acid forms polyphosphoric acid and 
metaphosphorus acid. Phosphoric acid reacts with alkali salt compounds to form polyphosphates, 
hydrogenous phosphate is probably formed in a transitional stage (Beck et al., 2004). In further studies, 
Beck et al. (2007) suggest that at 1200°C a small amount of hydroxylapatite decomposes in reducing 
conditions according to: 
Equation 2-12: 2Ca5[OH(PO4)3] → 3Ca3(PO4)2 + CaO + H2O 
It was suggested that during the formation of anhydrite (CaSO4), small calcium phosphate anhydrite 
particles are produced (Beck & Unterberger, 2007). The co-combustion of Ca phosphate with coal 
showed a strong correlation between Ca and P in the sub-micron range. Ca phosphate anhydrite is 
considered to be the primary form of P found in fly ash particles (Beck & Unterberger, 2007). If sufficient 
Ca is not present, FePO4 or AlPO4 alongside Ca phosphate anhydrite can form (Beck & Unterberger, 
2007). 
Zhang and Ninomiya, (2007) studied the transformation of P during combustion of coal and sewage 
sludge in particulate matter ≤ 10.0 μm (PM10). With regards to the combustion of coal, Zhang and 
Ninomiya, (2007) found that P was present in the form of P oxide and phosphates containing alkali 
elements and/or hydrogen. Contrariwise, high amounts of Zn phosphates and a mixed species of 
phosphate/al-silicates were present in combusted sludge (Figure 2-13). The formation of Zn phosphate 
is attributed to the reaction between vaporised P and Zn (Zhang & Ninomiya, 2007). The authors 
produced theoretical predictions for the vaporisation of mineral species within the coal and sludge 
ashes. It was surmised that apatite is very stable as it does not vaporise until 1800°C (see Figure 2-14). 
Conversely, P present in the complex species (Si-Al-Ca/Fe-P-O) begins to vaporise at 1200°C until it is 
40% vaporised at a temperature of 2000°C. With regards ISSA, P is mostly present as apatite and exhibits 
a relatively low vaporisation degree; approximately 6% at 1200°C when 50% oxygen present in 
combustion gas. In conclusion Zhang and Ninomiya, (2007) remark that no inorganic P-bearing species 
(e.g. apatite) would decompose or vaporise at relatively low temperatures of 900-1000°C. 
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Figure 2-13: Mineral forms of P as detected following the combustion of (a) coal and (b) sludge (Zhang & Ninomiya, 2007) 
 
 
Figure 2-14: Theoretical vaporisation degree of two P containing species in sewage sludge (Zhang & Ninomiya, 2007) 
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In contrast to the wealth of information available regarding the mineralogy of incinerated solids, there is 
much less information available on the mineralogical aspects of pyrolysis. Abrego et al. (2009) examined 
the mineralogy of PSSC at varying temperatures of pyrolysis. Relatively high amounts of barringerite 
(iron phosphide) was detected in char at 900°C, but was not detected in lower temperature chars. 
Rice husk biochar was the focus of research conducted by Qian et al. in 2013. Samples were extracted 
with H2O and EDTA-NaOH for P-NMR analysis (phosphorus-31 nuclear magnetic resonance 
spectroscopy). It was found that the strong extractant EDTA-NaOH was not capable of removing more P 
species than water, implying that the P species are present in the rice husk biochar as inorganic 
orthophosphate and pyrophosphate. FTIR analysis of biochar pre- and post-pyrolysis was conducted, as 
shown in Figure 2-15. The peaks at 1300 ~ 1000 cm-1 and 593 cm-1 are characteristic of some ionic 
compounds of P such as HPO42- and P2O74- (Qian et al., 2013). 
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Figure 2-15: FTIR spectra of raw biochar (BC0) and biochar after P release (BC96) (Qian et al., 2013) 
In the pyrolysis process (673-873K), the phosphorus oxides condense to form P4O10, when in the 
presence of water this is transformed into H3PO4 (Qian et al., 2013). Some of this H3PO4 condenses to 
form H4P2O7 which reacts with K, Mg or Ca to form polyphosphates such as K4P2O7, Mg2P2O7 and Ca2P2O7 
(Qian et al., 2013). The other part of H3PO4 reacts directly with K, Mg, or Ca to form K3PO4, Mg3(PO4)2, 
Ca3(PO4)2; a mixture of small phosphate particles <1μm, which deposits on larger biochar particles (0.01 
– 1.0mm) (Qian et al., 2013). Due to the complex reaction between H3PO4 and K, Mg, and Ca, 
hydrophosphates (K2HPO4, MgHPO4 and CaHPO4) and dihydric phosphate (KH2PO4 and Mg(H2PO4)2) are 
also formed (Qian et al., 2013). In the fast pyrolysis process, the temperature of the outer layer of 
particles is greater than in the inner layer (Qian et al., 2013). By increasing the retention time, small P 
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particles stick to the surface of larger particles and dehydrate to form pyrophosphates (Qian et al., 
2013). More pyrophosphate was present on the outer layer than orthophosphates (Qian et al., 2013). 
In a distinction from other research, Wang et al. (2012) noted the presence of struvite in cattle manure 
and PSSC. Clear evidence of crystalline P was not detected, but small peaks in XRD data suggested the 
presence of struvite [MgNH4PO4.6H2O] (Wang et al., 2012). 
Again more unusual minerals such as potassium dihydrogen phosphate [KH2PO4], magnesium cyclo-
tetraphosphate [Mg2P4O12], magnesium diphosphate [Mg2P2O7] were detected by Zheng et al. (2013) in 
giant reed samples. The XRD plot of this data is provided in Figure 2-16. 
 
Figure 2-16: Graph of XRD mineral peaks of pyrolysed giant reed biochars at varying temperatures (Zheng et al., 2013) 
S: Sylvine (KCl); W: Wollastonite (CaSiO3); L: Larnite (Ca2SiO4); E: Enstatite (Mg2Si2O6); D: Dolomite (CaMg(CO3)2); Y: 
Potassium dihydrogen phosphate (KH2PO4); M: Magnesium diphosphate (Mg2P2O7); T: Magnesium cyclo-tetraphosphate 
(Mg2P4O12). BC0 represents raw giant reed; BC300 through BC600 represent the biochars produced at 300-600 °C 
2.4.4 Mineralogy of ISSA and PSSC after P extraction 
The crystalline phase chemistry of ISSA pre- and post- acid washing was the focus of research by 
Donatello et al. (2010). Leaching with 4M H2SO4 resulted in the complete dissolution of Ca and P from 
the mineral whitlockite and led to the precipitation of CaSO4 instead as confirmed by XRD analysis. After 
filtration of the ISSA-acid slurry, >95% of total phosphate was found in filtrate. 
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Kaikake et al. (2009) performed a series of acid dissolution and alkali precipitation procedures to recover 
P from CMIA. Firstly, a P-rich solution was made by adding 100ml of 1M HCl acid to 10g of CMIA. Next, in 
order to remove impurities, the pH of the P-rich solution was reduced to 3 using 1M NaOH and filtered. 
The filtrate was used for a second precipitation using alkali solution in which pH was kept at 4. In the 
final stage, the alkali solution was added to filtrate and a steady pH of 8 maintained. Analysis of the raw 
CMIA is discussed in the section above. Table 2-12 below displays that a small amount of P was removed 
in the first precipitation step alongside this Fe was removed in large amounts as a precipitant. XRD 
analysis confirmed the presence FePO4 in the precipitant. FTIR analysis was used to examine the 
functional bonds present in the second precipitation step. In the second precipitation stage, 84% of P 
was precipitated. Due to a large decrease in Ca, it was expected that the precipitant was composed 
mainly of P and Ca. Comparing sample XRD results with pure CaHPO4.2H2O, characteristics bonds existed 
at 1213, 1135, 1060 and 985 cm-1 for phosphate stretching, 576 and 526 cm-1 for phosphate bending, 
and 3489 cm-1 for hydroxyl vibrations in the CMIA sample. Solids remaining from the final precipitation 
step were analysed using XRD with results showing the presence of hydroxyapatite. In addition to this, 
nearly all the zinc and copper ions were removed from the precipitation solution. This leads to the 
reasoning that these heavy metals integrated into the hydroxyapatite. At a pH of 0, H3PO4 is a dominant 
species. As pH rises HPO43- species begin to form at pH 4 (see Figure 2-18), the following reactions occur 
to form CaHPO4.2H2O: 
Equation 2-13: H2PO4-1 + OH-1 ↔ HPO42- + H2O 
Equation 2-14: HPO42- + Ca2+ ↔ CaHPO4 ↓ 
The content of P in pure CaHPO4.2H2O was calculated as 170,000 mg/kg using molecular weights. The P 
content of the precipitant was 165,000 mg/kg, indicating that most of the P existed as CaHPO4.2H2O, 
with purity estimated at 92%. 
Table 2-12: Amounts of elements recovered during three precipitation steps of acid dissolution of incinerated chicken 
manure ash (Kaikake et al., 2009) 
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Figure 2-17: Comparison of XRD pattern for (a) pure CaHPO4.2H2O and (b) precipitate recovered at pH 4 for incinerated 
chicken manure ash (Kaikake et al., 2009) 
 
Figure 2-18: Equilibrium distribution of P species as a function of pH in incinerated chicken manure ash (Kaikake, et al., 2009) 
Bodenan et al. (2010) conducted an 18 month dynamic leaching of MSWI residues using demineralised 
water and investigated the mineralogical changes experienced in the ash. Using SEM-EDS and electron 
microprobe (EMP) analysis, the existence of Ca phosphate was detected in the original MSWI residue 
sample. Ca content increased with leaching as well as the composition of calcium phosphates. It was 
found that while Ca/P ratios were 0.9-1.2, this increased to 1.4-1.6 following leaching. The authors state 
this confirms the stability of the resulting phosphates. The system probably evolved from monetite 
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[CaHPO4] (Ca/P = 1) to whitlockite [Ca3(PO4)2] (Ca/P = 1.5) to apatite [Ca5(PO4)3OH] (Ca/P = 1.87), 
increasing in stability with Ca/P ratio. 
Kalmykova and Karlfeldt (2013) examined the removal of P from MSWI residues using HCl. A series of 
equilibrium equations were provided which describe the likely mechanism of P precipitation. As 
discussed above (eqn. 6), the dominant species is H3PO4, as pH rises this transforms into H2PO4- (eqn. 8). 
At pH 3-4, Al3(PO4)2, Fe3(PO4)2 and AlPO4 form (eqn. 9). H2PO4- reaches its maximum when pH 4 is 
achieved and HPO42- forms (Equation 2-18). After pH 4 is attained during a second precipitation step, the 
addition of NaOH is required to ensure constant pH; this indicates the presence of reactions which 
consume hydroxide ions. This is probably caused by the production of solid phosphate compounds 
(Equations 2-19 to 2-21) as Fe, Mg and Ca are present in the second precipitation. 
Equation 2-15: H3PO4 + OH- ↔ H2PO4- + H2O 
Equation 2-16: Al3+ + H3PO4 + 3OH- → AlPO4 (s) +3H2O 
Equation 2-17: 3Fe2+ + 2H3PO4 +6OH- → Fe3(PO4)2 (s) + 6H2O 
Equation 2-18: H2Po4- + OH- ↔ HPO42- + H2O 
Equation 2-19: Mg2+ + HPO42- → MgHPO4 (s) 
Equation 2-20: HPO42- + OH- ↔ PO43- + H2O 
Equation 2-21: 3Ca2+ + 2PO43- → Ca3(PO4) (s) 
Petzet et al. (2012) tested if Ca-P components dissolve during an acidic treatment of sewage sludge 
before P is released into solution. XRD analysis showed that much of the crystalline Ca-P (i.e. 
whitlockite) which was identified in the original ash sample was destroyed by acidic leaching. During the 
dissolution of whitlockite, a concurrent release of Ca and P in the molar ratio of P/Ca ~ 2/3 is expected. 
This was not observed during this study. It was suggested this dissolution did not occur as the P from the 
Ca-P compound may have been instantly re-precipitated by Al. However, a new Al-P mineral was not 
detected by XRD analysis; it was concluded that the newly formed Al-P precipitate is X-ray amorphous. 
Additional XRD data showed that remaining whitlockite and Al-P compounds were completely dissolved 
at pH <3. 
Equilibrium calculation software (Hydra/Medusa) was used by Pettersson et al. (2008) to determine 
compounds which may have an effect on the recovery of P from a liquid phase. These influential 
compounds were: FePO4.2H2O, CaHAl(PO4)2 and Ca5(PO4)3OH. Each of these compounds precipitates at 
separate pH values, thereby preventing the P from forming in the extraction product. FePO4.2H2O could 
form at pH >4.2, CaHAl(PO4)2 between pH 4.2-6 and Ca5(PO4)3OH at pH <6. Theoretically, there is no pH 
level at which P extraction cannot be contaminated with the precipitation of other solid compounds. 
The amount of P bound in these solids depends upon the amounts of Fe3+, Al3+ and Ca2+ available in the 
liquid phase and the pH. 
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Zhang et al. (2001) describe in their materials and methods section that various chemicals can be used 
to determine P forms. 2.5% acetic acid and 1M NH4Cl is used to detect Ca bound P, 1 M NH4F is used to 
extract Al bound P, and 0.1 M NaOH identifies Fe bound P. The residual insoluble P is calculated from 
the difference between total P and extractable P (Zhang et al., 2001). Liu et al. (2011) utilise NaHCO3 and 
NH4F/HCl to determine the fraction of P which can be considered plant available. The NaHCO3 portion is 
recognised a plant quick-available, while the NH4F/HCl part is mainly P bound with Fe, Al or Ca. 
Atienza-Martinez et al., (2014) is one of the only piece of literature found which attempted to recover P 
from PSSC. However, in fact following pyrolysis the solids were gasified or combusted, see Figure 2-19. 
90% of P contained in the ashes was recovered after 2 hours using H2SO4 and oxalic acids. P yields when 
using oxalic acid were higher than H2SO4 acid, especially for ashes produced at 600-750°C. More P was 
recovered using H2SO4 acid from ash produced at 900°C compared to lower temperatures. The Fe 
content of the ashes affected P recovery. Ashes with high Fe content required high temperatures to 
preferentially form soluble P compounds, which are more easily dissolved using acids. Azuara et al., 
(2013) extracted approximately 90% P from pyrolysed pig manure using H2SO4. It was thought that 10% 
of the P remained in the solid due to the porous nature of the char which the acid solution cannot reach. 
 
Figure 2-19: Flow sheet of ash production from PSSC (Atienza-Martinez et al., 2014) 
 
Table 2-13: Minerals detected in solids after leaching with solutions as reported in literature 
 Mineral Sample Leaching Reagent Reference 
In
ci
n
er
at
io
n
 
Monetite [CaHPO4] MSWI Demineralised water Bodenan et al., (2010) 
Whitlockite [Ca3(PO4)2] MSWI Demineralised water Bodenan et al., (2010) 
Apatite [Ca5(PO4)3OH] MSWI Demineralised water Bodenan et al., (2010) 
Hydroxylapatite [Ca5(PO4)3OH] ISSA HCl pre- and alkaline post-treatment Petzet et al., (2012) 
Hydroxyapatite [CaHPO4.2H2O] CMIA HCl dissolution – and three stage NaOH 
precipitation 
Kaikake et al., (2009) 
P
yr
o
ly
si
s Calcium iron phosphate 
[Ca9Fe(PO4)7] 
SSA H2SO4 Pettersson et al., (2008);  
Wzorek et al., (2006) 
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Table 2-14: P based minerals present at different pH values as reported in literature 
pH Minerals Present Reference 
0 H3PO4 Kaikake et al., (2009); Kalmykova & Karlfeldt Fedje, (2013) 
1 H2PO4- 
H3PO4 
Kalmykova & Karlfeldt Fedje, (2013) 
Ottosen et al., (2013) 
2 H2PO4- Kalmykova & Karlfeldt Fedje, (2013) 
3 Al3(PO4)(OH)3(H2O)5 
H2PO4- 
FePO4.2H2O (>4.2) 
Kalmykova & Karlfeldt Fedje, (2013) 
Kalmykova & Karlfeldt Fedje, (2013) 
Pettersson et al., (2008) 
4 HPO43- 
Fe(II)3(PO4)2(H2O)8 
Al3(PO4)2 
Fe3(PO4)2 
AlPO4 
HPO42- 
Ca5(PO4)(OH) 
CaHAl(PO4)2 
Kaikake et al., (2009) 
Kalmykova & Karlfeldt Fedje, (2013) 
Kalmykova & Karlfeldt Fedje, (2013) 
Kalmykova & Karlfeldt Fedje, (2013) 
Kalmykova & Karlfeldt Fedje, (2013) 
Kalmykova & Karlfeldt Fedje, (2013) 
Kalmykova & Karlfeldt Fedje, (2013) 
Pettersson et al., (2008) 
5 CaHAl(PO4)2 Pettersson et al., (2008) 
6 CaHAl(PO4)2 Pettersson et al., (2008) 
7 Ca5(PO4)3OH Pettersson et al., (2008) 
 
2.4.5 Leaching reagents 
P recovery from incineration residues has been investigated by many researchers such as Donatello et 
al. (2010b),  Petzet et al. ( 2012),  Franz (2008) and Pettersson et al. (2008). It is known from the wealth 
of literature that this is a proven concept which can achieve high percentages of P release. However, 
viewing Table 2-15 it is clear that P recovery from PSSC has not featured in the literature. This is a clear 
research gap which needs addressing. Table 2-15 displays the variety of acids used by other researchers 
to dissolve P from solids. A high level of P release was measured by many authors using H2SO4. This is 
generally the acid of choice because of its low cost, wide availability and ability to remove Ca2+ from 
mixtures by controlled gypsum [(CaS)4.2H2O] precipitation (Donatello & Cheeseman, 2013). The cost of 1 
mol of hydrogen ions required for acid leaching experiments increases in the following order:  H2SO4, 
HCl, HNO3, and H3PO4 (Wzorek et al., 2006).  
Table 2-15: Leaching reagents and %P release from incineration residues 
Leaching Reagent Sample P Release Reference 
Demineralised water MSWI Not reported Bodenan et al., (2010) 
4 M H2SO4 ISSA >95% Donatello et al., (2010) 
1 M HCl dissolution – and three 
stage 1M NaOH precipitation 
CMIA 84% Kaikake et al., (2009) 
1-3 M HCl MSWI residue 70% Kalmykova & Karlfeldt Fedje, 
(2013) 
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0.05 mol/l H2SO4 ISSA 100% Biswas et al., (2009) 
0.1 mol/l HCl ISSA 100% Biswas et al., (2009) 
1M H2SO4 ISSA, animal carcasses >85% Cohen, (2009) 
0.19 M H2SO4 Al-rich ISSA ~100% Ottosen et al., (2013) 
0.38 M H2SO4 Fe-rich ISSA ~100% Ottosen et al., (2013) 
? M H2SO4 Secondary cyclone ash from 
sludge precipitated with 
aluminium sulphate 
74-95% Pettersson et al., (2008) 
? M H2SO4 Bag-filter ash from sludge 
precipitated with Fe 
49-65% Pettersson et al., (2008) 
3-6 mol HCl/kg SSA HCl pre-
treatment and 1M NaOH 
treatment 
Al-rich SSA 78% Petzet et al., (2012) 
3-6 mol HCl/kg SSA HCl pre-
treatment and 1M NaOH 
treatment 
Fe-rich SSA 50% Petzet et al., (2012) 
? M H2SO4 ISSA >90% Takahashi et al., (2001) 
0.5 mol/l HCl ISSA >95% Xu et al., (2012) 
? M H2SO4 and oxalic acid Combusted/gasified pyrolysis 
char 
>90% Atienza-Martinez et al., (2014) 
 
2.4.6 Theoretical acid requirement 
A number of researchers used various equations to calculate the acid demand to release P from solids, 
these are described below. Kuligowski & Poulsen (2010) calculated H2SO4 acid demand using the 
equation below. At optimum conditions, the H2SO4 acid demand to release P varied between 19.2 – 28 
kg H2SO4/kg P. Based on stoichiometric apatite dissolution (Equation 2-23 below), the theoretical acid 
demand is 4.74 kg H2SO4/kg P.  
Equation 2-22: 𝑆𝐴𝐷 =  
𝐴𝐿𝑤
𝑃𝑒𝑥∙𝑃𝑎𝑠ℎ
 
where, SAD – sulphuric acid demand (kg H2SO4/kg P recovered); ALW – acid load (kg H2SO4/kg ash); Pex – fraction of extractable P 
relative to total ash P after extraction (kg P/kg Pash); Pash – total P concentration in ash (kg P/kg ash). 
Equation 2-23: Ca3(PO4)2 + 3H2SO4 + 6(1.5)H2O ↔ 3CaSO4 * 2(0.5)H2O + 2H3PO4 + heat 
Cohen (2009) determined the theoretical amount of acid required to dissolve P based on fluorapatite 
dissolution below. From this reaction, the theoretical sulphuric acid requirement to dissolve P is 5.27 kg 
H2SO4/kg P. The acid demand calculated from optimum experimental conditions ranged from 4.6-10.5 
kg H2SO4/kg P. However, this demand is not achieved in practice as apatite is not a pure mineral in rock. 
In industry 6.67 kg H2SO4/kg P is the utilised acid demand.  
Equation 2-24: Ca10(PO4)6F2 + 10H2SO4 + 10xH2O → 10CaSO4xH2O + 6H3PO4 + 2HF, where, x=0, 0.5 or 2. 
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The amount of acid required to dissolve P in SSA is related to its chemical composition. CaO, P2O5 are 
major constituents of SSA which are main consumers of acid. MgO, Na2O and K2O have a minor presence 
but react with sulphuric acid, while Al2O3 and Fe2O3 are partially attacked. The equation below is used to 
calculate acid requirement of superphosphate manufacture. Percentage oxides are those occurring in 
phosphate rock. It was proven that an estimation of acid required for P leaching from ISSA is possible by 
inserting the oxide composition of ISSA. However, since the equation does would not produce a free 
phosphoric acid, the calculated acid amount must be increased by 10% (Franz, 2008).  
Equation 2-25: 
kg H2SO4 100%
100 kg  phosphate rock
= 1.749(%CaO) + 0.962(%Al2O3) + 0.614(%Fe2O3) + 2.433(%MgO) +
1.582(%Na2O) + 1.041(%K2O) − 0.691(%P2O5) − 1.255(%SO3) 
Donatello et al. (2010) based their acid demand upon the dissolution of whitlockite, since this was 
observed as the main mineral form of P. Equation 2-23 applies to the dissolution of whitlockite. It was 
assumed that total P in ISSA existed as PO43-, therefore 3 mol of H+ is required for each mole of P. To 
dissolve all P in their sample 20ml of 0.184 mol/l H2SO4 is required for each gram of ISSA. Upon 
observing XRF data, it was clear that there is not enough Ca in the sample for all P to exist as pure 
Ca3(PO4)2. Some Ca is probably substituted with Fe, Mg or Al. However, as long as all P is assumed to be 
present as PO43-, the acid requirement should remain the same, regardless of the existence of FePO4, 
AlPO4, Ca3(PO4)2 or a mixture of these forms. 
Equation 2-26: Ca3(PO4)2 (s) + 3H2SO4 (aq) → 3CaSO4.2H2O (s) + 2H3PO4 (aq) 
2.4.7 Research gaps 
There is much known on the presence of minerals within incinerated samples, both plant based and 
sewage sludge. However, much less information is reported on the mineralogical content of pyrolysed 
solids. The mineralogy following pyrolysis of two manure samples, three plant samples and one sewage 
sludge sample are available in the literature (Wang et al., 2012; Cao & Harris, 2010; Mohanty et al., 
2013; Abrego et al., 2009). However, the presence of only four minerals is reported for these pyrolysed 
samples (see Table 2-11). There is an obvious gap in the mineralogical characterisation of pyrolysed 
solids, especially PSSC. A useful contribution to the knowledge in the area of thermal treatment of 
sewage sludge would be the characterisation and comparison of ISSA and PSSC. Differences in the 
mineralogy would be expected due to the presence and absence of oxygen in the two systems. While 
the existence of many minerals in incinerated and pyrolysed samples is known, only two researchers 
quantified whitlockite in ISSA and MSWI which varied from 26-34.4% and 6.4%, respectively. The 
quantification of minerals within these solids would add much to the knowledge in this research area. It 
is suggested that the “sekiya method” of P fractionation is used to quantify the Ca-, Al- and Fe- bound P 
in ash and char. This method is most commonly applied to soil P fractionation, but will be beneficial for 
the characterisation of ash and char. 
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With regards to the changes experienced in solids as a result of leaching there is little information 
available. Some researchers observe the dissolution of P minerals and the formation of new P based 
minerals, but the point (pH, acid load) at which these minerals dissolve is not reported. It appears most 
work focuses on the dissolution of solids using acids and the examination of remaining solids following 
the leaching. No researchers target the dissolution of a specific P mineral or Fe- Ca- or Al-P bound 
minerals. A list of solvents used to dissolve incinerated solids is compiled in Table 2-15. There has been 
no research which has examined the leaching of nutrients from PSSC. Applying current methods to 
release P from ISSA to PSSC would add a novel aspect to the current research. 
 
2.5 EBPR performance 
Much research has been conducted into identifying the microorganism responsible for P removal in the 
EBPR process. Species which may be responsible for EBPR are: Acinetobacter spp., Microlunatus 
phosphovorus, Lampropedia spp., and members for the Rhodocyclus group (De-Bashan & Bashan, 2004). 
The analysis of the microbial communities generated in EBPR wastewater processes shows a high 
dominance of α-Proteobacteria and β-Proteobacteria, Bacteroidetes, Actinobacteria and Firmicutes 
(Beer et al., 2004; Liu et al., 2008; Wan et al., 2011; Zhang et al., 2012). Some of those are reported to 
improve the performance and stability of EBPR, while others have been shown to have a negative effect 
on the process. In municipal WWTPs, heterotrophs are the major microorganisms that produce biomass, 
while a small amount of PAOs were present. Using fluorescence in situ hybridisation (FISH), a molecular 
identification technique, it was found that the main microbial population of EBPR is bacteria of the β-2 
subclass of Proteobacteria and Acinetobacteria. A combination of FISH and microautoradiography 
conducted on EBPR sludge showed that Rhodocyclus-related bacteria (β-proteobacteria) were present in 
significant quantities. In another EBPR sludge Acinetobacter spp. displayed in 4% of cultured bacteria. 
PCR-denaturing gradient gel electrophoresis (DGGE) indicated that Rhodocyclus spp. and Dechlorimonas 
spp. were the dominant PAO in EBPR, but FISH analysis could only confirm the identity of Rhodocyclus 
spp. Analysis of whole cell fatty acids of bacterial communities indicated more than twenty genera 
exhibited EBPR capacity, with Micrococcus, Staphylococcu and Acidovorax being the most common. De-
Bashan & Bashan (2004) conclude the section of their review by stating that all the above genera and 
species, and more, can be considered as being responsible for EBPR. None of the bacteria can be 
identified as the primary cause of EBPR. While microbial communities present in EBPR plants and their 
functions have been studied to some detail, the response of those communities to chemical dosing 
remains unclear. In recent years, powerful high resolution molecular techniques have been developed 
that allow for detailed analysis of the composition, structure and activity of microbial communities.  
Oehman et al. (2007) suggest for future studies that modelling of EBPR systems be completed to predict 
microbial population dynamics resulting from process performance. Linking microbial population 
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dynamics to operational factor (such as changing FeCl2 dosing) is a key issue to resolve. Interactions 
between chemical dosing and biological processes are complex and not well understood, and full-scale 
studies are rare. To the best of the authors’ knowledge, only one article has reported the influence of 
chemical dosing on biological P removal at a full-scale WWTP (Liu et al. 2011). In that study, it is shown 
that Al significantly inhibits biological P release and uptake, whereas Fe salts exert a weak effect on 
EBPR and is inhibitory only at high Fe doses (Liu et al., 2011). The effects of chemical dosing on biological 
processes were examined, but the effects on microbial communities were not monitored. Knowledge on 
interactions between chemical nutrient removal and biological nutrient removal must be expanded to 
improve the performance of biological processes. Full-scale studies of EBPR plants are required, as lab-
scale research does not correlate with full-scale WWTP operations. 
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Chapter 3: Methodology 
 
3.1 Introduction 
This chapter describes the approach and methods used to address each objective as described in 
chapter 1, section 1.3. Figure 3-1 depicts an overview of methods used to achieve each objective; the 
diagram also shows there is overlap between methods used to achieve each objective. The reasons for 
choosing these methods to address the objectives, their advantages and disadvantages are discussed in 
the subsequent sections of this chapter. Specific information on materials and methods are described in 
detail in chapters 4 to 7. The methodologies used to address each objective are separated into two 
distinct sections, i.e. the collection of research data and information, and work carried out to 
manipulate this information to obtain results. Based upon this initial data a variety of laboratory and 
desk based methods were used to obtain outcomes relating to the objectives described in Figure 3-1.  
3.5 References
3.4 Outcomes
3.3 Experimental, modelling and analysis work
3.2 Research data and information
3.1 Introduction
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Figure 3-1: Diagram of methodology used to address objectives 
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3.2 Research data and information 
A variety of data from different sources was used to address each objective came from a variety of 
sources: WWTP sampling, operational data and secondary sources. 
3.2.1 Sampling  
3.2.1.1 Whole site sampling 
Sludge and liquid samples were collected across the whole site of Slough WWTP, analysed and used in 
calculations to create mass balances depicting the movement of P throughout the WWTP (calculations 
detailed in section 6.3.2). Figure 3-2a displays the sampling points of Slough WWTP. Prior to the 
installation of the Ostara P recovery system, centrate flowed from the centrifuge (Flow P) directly into 
the recycle line (Flow S). After the installation of the Ostara P recovery system, centrate flowed into the 
P recovery unit, with its effluent (Flow R) flowing into the recycle stream (with an additional struvite 
fertiliser stream (Flow Q)).  
Samples were collected weekly from October 2011 until December 2013, three ‘autosamplers’ were 
used to collect 24 hour composite samples, while all other samples were ‘grab’ (Table 3-1 outlines 
analyses conducted). Figure 3-2b shows the sewage and sludge sampling points for Slough WWTP. The 
long sampling period ensured robust averages are used to calculate the mass balances and results are 
not skewed by seasonal or temporal changes onsite.  
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Figure 3-2: a) Flow diagram of Slough WWTP processes; b) Diagram of Slough WWTP showing sewage and sludge samples 
 
A limitation of sampling an operational WWTP is that not all processes were operating on sampling days, 
therefore some points were sampled less than others. Imported sludge samples were collected directly 
from sludge tanker trucks, which could be not guaranteed to be onsite while sampling. The long-term 
sampling period has helped to mitigate the effects of missed samples. 
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3.2.1.2 Centrate samples 
Centrate sampling began as part of the whole site sampling; after the installation of the P recovery 
system centrate samples split into Ostara influent and effluent. Ostara influent and effluent sampling is 
ongoing, continued by the WWTP operators. Centrate samples were analysed to monitor the effects of 
FeCl2 solution dosing on centrate PO4-P concentrations and % PO4-P removal rates. 
The centrate sampling point was moved during the installation of the P recovery system, which had a 
slight effect on analysis results. To reduce the impact, samples taken after moving the centrate pipe 
were labelled as separate samples to those collected before the pipe was moved. 
3.2.1.3 EBPR sludge samples 
EBPR sludge (also known as SAS sludge) sampling began as part of whole site sampling also. EBPR sludge 
was sampled from April 2013 until April 2014 to investigate EBPR performance and microbial 
communities. The effect of chemical on EBPR performance and microbial communities were examined 
through bio-P experiment and PCR sequencing, as subsequently described in chapter 5. 
3.2.1.4 ISSA and PSSC samples 
ISSA samples were collected from Beckton and Crossness WWTP in August 2012. PSSC samples were 
collected in April 2014. These samples were used for all acid leaching experiments to ensure consistency 
across results. 
3.2.2 Slough WWTP data 
3.2.2.1 Flow data 
To produce the mass balance of Slough WWTP flow data were required. This information was gathered 
from the Thames Water internal Supervisory Control and Data Acquisition (SCADA) system. Flow data is 
available for the following processes: WWTP influent, SAS belt influent, imported sludge, digester feed 
sludge and centrifuge feed sludge. All other flow data were calculated based upon SS, DS, and TP flows, 
as shown in section 6.3.2. The lack of measured flow data is a weakness of the mass balance. 
3.2.2.2 OPEX and CAPEX data 
Operational expenses (OPEX) and capital expenses (CAPEX) data were gathered from sources within 
Thames Water. These data were used to describe the savings and costs associated with struvite 
recovery using the Ostara system. Information was taken from the internal business case and from 
Slough WWTP site manager and Ostara operators. Some of the data utilised are projections for the year 
ahead and are therefore approximate. Where data are projections this is clearly indicated in the 
analysis. 
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3.2.2.3 Sludge cake production 
Information on sludge cake production and costs of transport to agricultural land were used to describe 
savings associated with operating the Ostara recovery system in Slough WWTP. Slough sludge cake 
production and haulage costs information were provided by the Thames Water Biosolids team manager.  
3.2.3 Secondary data 
3.2.3.1 Struvite fertiliser production 
Struvite fertiliser production information was provided by Ostara and used to calculate the maximum 
potential revenue to be made per year from recovering PO4-P as struvite fertiliser. This is an 
approximate revenue based upon best potential rates of struvite fertiliser production. 
3.2.3.2 Chemical usage 
Data on chemical usage was collected to determine savings achieved in Slough WWTP as a result of 
lowering FeCl2 solution dosing to improve the PO4-P recovery rates of the Ostara system. The chemical 
provider gave information on the total yearly deliveries of this chemical to Slough WWTP and its cost. 
This source was deemed the best method to determine chemical savings in Slough WWTP. FeCl2 solution 
dosing pumps at Slough WWTP are monitored, but two different pumps are in operation and neither 
have been calibrated, therefore this would provide inaccurate results.  
3.2.3.3 Cooper and Carlliell-Marquet (2012) SFA 
Cooper & Carliell-Marquet (2012) substance flow analysis (SFA) model describing 2009 P flows 
throughout the UK was used to calculate theoretical changes in national P flows as a result of UK-wide P 
recovery from WWTPs. Further information on SFA modelling is described in section 3.3.2.2. 
3.2.3.4 Temperature and rainfall data 
Weather data was utilised in multivariate analysis to determine predictors of EBPR performance. 
Weather data was also used in correlation analysis to investigate effects with EBPR performance and 
microbial community populations. The following website was used to gather weather information: 
www.worldweatheronline.com (World Weather Online, 2015). The average of 24 hour profiles of 
temperature and rainfall were calculated and used in this research. 
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3.3 Experimental, modelling, and analysis work 
3.3.1 Experimental work 
3.3.1.1 Elemental analysis 
Each aspect of this research involved the elemental analysis of samples; wastewater, sludge, and ISSA 
and PSSC samples. Table 3-1 details the elemental analysis conducted on each sample used in this 
research. Elemental analysis was conducted in the UKAS 17025 accredited Thames Water laboratories 
using inductively coupled mass spectrometry (ICP-MS). 
Table 3-1: Liquid and sludge sample analysis 
Sample Analysis 
Slough WWTP (whole site) TP, PO4-P, Fe, SS, DS 
Centrate TP, PO4-P, Fe 
EBPR sludge TP, Fe, DS, VS, NH4-N, TN, Alk, pH, Mg, Ca, K, Al 
ISSA and PSSC Al, As, Cd, Ca, Cr, Cu, F, Fe, Pb, Mg, Mn, Hg, Mo, TN, Ni, TP, K, Se, S, 
Zn, NH4-N, Ba, Be, B, Cl, Li, NO2, NO3, TON, PO4-P, pH, Na, Sr, SO4 
  
3.3.1.2 Bio-P experiments 
The procedure for the bio-P experiment is described in detail in chapter 4 section 4.3.4 and chapter 5 
section 5.3.3. This experiment was conducted using EBPR sludge to determine the effects of chemical 
dosing on EBPR performance, measured as specific PO4-P release and specific PO4-P uptake. In total 
nineteen individual bio-P experiments were conducted over a one year period. This method was chosen 
as it provides a quantitative measure of EBPR performance which can be traced over a time period and 
used in correlation and regression analysis also. In chapter 4 results from this analysis were used 
alongside centrate samples to determine the effects of chemical dosing on EBPR performance and PO4-P 
recovery. In chapter 5 results from this analysis were used in conjunction with polymerase chain 
reaction (PCR) sequencing to determine the effects of chemical dosing on EBPR performance and 
microbial populations.  
This is a time-consuming experiment, requiring one full day per analysis. Therefore this experiment was 
conducted on average every three weeks. The experiment includes an aeration stage to ensure the 
microorganisms in sludge are “alive” and pre-denitrification stage to ensure all air is expelled from the 
sludge.  
3.3.1.3 PCR sequencing 
As mentioned above, PCR sequencing was conducted on EBPR sludge to measure microbial community 
populations over a one year time period. This method was chosen as it provides a wealth of information 
on microbial populations and community diversity. The method for PCR sequencing is available in 
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chapter 5 section 5.3.4. In chapter 5 this information was used in correlation analysis to determine 
effects of Fe concentration on microbial populations. The data was also used in correlation analysis to 
deduce which microorganisms related to improved EBPR performance. 
3.3.1.4 Acid leaching experiments 
Acid leaching experiments were conducted on ISSA and PSSC samples. Acid leaching is commonly 
conducted on ISSA samples to extract P and other metals, this method has not been applied to PSSC 
samples as far as the author is aware from literature review. The procedure for the acid leaching 
experiment is described in chapter 7, section 7.3.4. During acid leaching experiments, the following 
parameters were varied for each sample: LS (liquid/solid) ratio, contact time, and acid molar 
concentration. Each combination of LS ratio, contact time, and acid concentration were conducted in 
duplicate or triplicate (depending on equipment availability) for each sample and the average calculated 
and used to produce graphs in chapter 7. Table 3-2 outlines the parameters varied during acid leaching 
experiments conducted by other researchers.  
Table 3-2: Acid leaching parameters reported in literature 
H2SO4 acid concentration Contact Time LS Ratio Reference 
0.05-0.53 M 2-24 hours 150 Ateinza-Martinez et al., (2014) 
20 M 2 hours 500 Azuara et al., (2013) 
0.05 M 4 hours 150 Biswas et al., (2009) 
1 M   Cohen, (2009) 
0.5 M 30 minutes 20 Donatello et al., (2010) 
0.19 M 2 hours 20 Ottosen et al., (2013) 
    
3.3.1.5 XRD and SEM analysis 
Table 3-3 details the common analysis methods used by researchers to study the chemical and physical 
characteristics of solids. X-ray diffraction (XRD) analysis is frequently used to provide information on the 
mineralogical make-up of solids in literature. While XRD analysis can provide a mineralogical comparison 
of ISSA and PSSC, scanning electron microscope (SEM) analysis offers a visual comparison of the solids. 
Table 3-3: Solids analysis methods 
  
Solids analysis 
methods 
References 
XRF Adam et al. (2009); Donatello et al. (2010); Elled et al. (2006); Chen et al. (2013) 
XRD Abrego et al. (2009); Adam et al. (2009); Cheeseman et al. (2003); Biswas et al. (2009); Cyr 
et al. (2007); Donatello et al. (2010); Mahieux et al. (2010); Nowak et al. (2011); Pettersson 
et al. (2008); Piantone et al. (2003); Zheng et al. (2013); Hernandez et al. (2011) 
SEM Mahieux et al., (2010) 
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3.3.1.6 Sekiya fractionation 
The Sekiya method of fractionation is described in chapter 7, section 7.3.3. This method is applied to 
soils in literature to provide a measure of Ca-, Al-, and Fe-P binding in the solids and has been applied to 
ISSA and PSSC samples in this research. This method was chosen to further illuminate the differences 
between ISSA and PSSC samples. Table 3-4 outlines the Sekiya fractionation methods used by different 
researchers.  
Table 3-4: Sekiya fractionation method 
Method 
 References  
Parameter 
measured 
Phimsirikul & 
Matoh, 
(2003) 
Nakajima et 
al., (1979) 
Otani & Ae, 
(1997) 
1. Sample quantity 500 mg n/a 300 mg 
Ca-P 
2. 2.5% Acetic acid (0.44M) 30 ml 100 ml 30 ml 
3. Shake 2 hours 2 hours 2 hours 
4. Centrifuge – collect supernatant    
5. Sample left over wash twice with 1 M NH4Cl 15 ml 50 ml 15 ml 
6. Add to flask containing acetic acid extract    
7. Fill flask with distilled water – measure P and Ca 60 ml 200 ml 100 ml 
8. Extract sample with 1 M NH4F (pH 7) 30 ml 100 ml 30 ml 
Al-P 
9. Shake for 1 hour and centrifuge – measure P and Al    
10. Wash sample twice with saturated NaCl solution 10 ml 50 ml 15 ml 
Fe-P 
11. Centrifuge and discard supernatant    
12. Extract sample with 0.1 M NaOH 30 ml 100 ml 30 ml 
13. Shake for 17 hours    
14. Centrifuge – measure supernatant P and Fe    
 
3.3.1.7 Porosimetry analysis 
Porosimetry analysis was conducted on PSSC samples only, because the possibility to create an activated 
carbon from acid leached PSSC samples was of interest for Thames Water. The porosimetry 
characteristics of PSSC were compared before and after acid leaching conducted at various acid molar 
concentrations as described in chapter 7. Porosimetry analysis provided information on 
adsorption/desorption isotherms, surface area, total pore volume, average pore diameter, and pore size 
distribution. Results from Porosimetry analysis are available in Supplementary Data Appendix C. 
3.3.2 Modelling work 
3.3.2.1 Mass balance model 
Chapter 6 describes the effects of P recovery on Slough WWTP using a mass balance approach. A mass 
balance approach was chosen to update the previous now out-dated mass balance of Slough WWTP 
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created by Jaffer et al. in 2002. More information on the method of creating the mass balance is 
available in chapter 6 section 6.3.2. The mass balance was calculated using data from elemental analysis 
of the whole Slough WWTP site and flow data. Initially the mass balances were calculated by hand 
focusing on each unit process separately, then the processes were combined to produce a full network 
mass balance. Mass balance calculations were input into Microsoft Excel to allow circular multiple 
iterations to be carried to calculate more accurate results compared with the long hand method.  
All mass balances were produced using the same base mass balance (current mass balance). Each flow 
of the balance was calculated as a percentage of preceding upstream flows. This method ensured 
robustness of the mass balance, allowed ease of creating predictive mass balances, and allowed changes 
to cascade throughout the mass balance calculations downstream. To create the predictive mass 
balances depicting effects of P recovery Fe, TP, PO4-P, and SS concentrations as measured in Ostara 
influent/effluent was input into the mass balance calculation sheet. Since the mass balance is based on 
an iterative circular process, the other values in the mass balance changed as a result of changing values 
around the Ostara reactor. 
Ideally, the whole Slough WWTP would have been sampled after a 3-6 month period of continuous 
operation of the Ostara P recovery system. However, due to increases in FeCl2 solution dosing and issues 
with the Ostara system, continuous operation was not achieved and the full effects would not be 
apparent across the whole WWTP. In lieu of this opportunity, the best option is a mass balance 
approach based upon influent/effluent samples of the Ostara P recovery system.   
3.3.2.2 SFA modelling 
Chapter 6 describes the national effects of widespread P recovery from all UK WWTPs. As mentioned in 
section 3.2.3.3 SFA modelling was based upon Cooper and Carlliell-Marquet’s SFA depicting 2009 flows 
of P through the UK. The method of producing the predictive SFA model is available in chapter 6 section 
6.3.3.  
3.3.3 Calculations and analysis 
3.3.3.1 Data analysis and graphs 
Data analysis and graphical illustrations of data feature heavily throughout this thesis. Data analysis 
includes sum, average, standard deviation, standard error, minimum, and maximum calculations as 
conducted in Microsoft Excel to describe the data. A variety of bar charts, line graphs, scatter graphs, 
bubble scatter graphs, and heat maps are used throughout the thesis to provide visual representations 
of the data gathered and produced in this research.  
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3.3.3.2 Correlation analysis 
Correlation analysis was utilised to address objectives a) and b) as described in chapter 1 section 1.3. 
Correlation analysis was used to measure the interactions between Fe concentrations, EBPR 
performance, PO4-P concentrations, PO4-P recovery rates, and weather conditions (see chapter 4). This 
analysis method was also used to determine the influences between Fe concentrations, EBPR 
performance, microbial populations, diversity, weather conditions, and extra elemental analysis (see 
chapter 5). Correlation analysis was conducted primarily using Microsoft Excel. 
3.3.3.3 Multivariate linear regression analysis 
Multivariate linear regression analysis was conducted using IBM SPSS predictive analytics software 
package Version 22. Regression analysis was used to determine significant predictors of EBPR 
performance and PO4-P recovery rates, as set out in objective a) and discussed in chapter 4. 
3.3.3.4 % removal calculations 
Acid leaching experiments require the calculation of % extractions from solids into acidic liquid solution. 
Chapter 7 section 7.3.4 describes the equation used to calculate % extraction. This is an important 
calculation used throughout chapter 7 to compared properties of ISSA and PSSC. 
 
3.4 Outcomes 
3.4.1 Effects of chemical on PO4-P concentrations and PO4-P recovery rates 
Various primary and secondary data sources were combined with experimental data and analysis to 
address objective A described in chapter 1, section 1.3. Samples of the wastewater streams under 
consideration were collected and Fe and PO4-P concentrations measured. This data along with results 
from the bio-P experiment and weather conditions were input into correlation and regression analysis 
models. The outcome of this work describes the significance and interactions of chemical dosing on 
EBPR performance, PO4-P concentrations in centrate, and PO4-P removal rates. Methods and results of 
this work are discussed in more detail in chapter 4. 
3.4.2 Effects of chemical on EBPR performance and microbial communities 
The primary methods used to address objective B were bio-P experiments, PCR sequencing, and 
correlation analysis. Each of these methods provided an understanding on the effect of chemical dosing 
on EBPR and its microbiology. Results of the bio-P experiment were shared to achieve objective a) as 
mentioned above. The methods and results of this research path are described and discussed in chapter 
5. 
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3.4.3 Local and national effects of P recovery 
Objective C as introduced in chapter 1 aims to assess the local and national effects of P recovery from 
WWTPs. To determine the local effects of P recovery, mass balances of Slough WWTP were produced 
and theoretical changes calculated. Then an existing SFA model was altered to show the national effects 
of P recovery in the UK. These two combined modelling analyses are discussed in detail in chapter 6. 
Information gathered on PO4-P concentrations and PO4-P recovery rates for objective a) were included 
in the mass balances to show the effects of P recovery on Slough WWTP. Literature utilised to address 
objective D was used to develop predictions on national effects of P recovery from ISSA, as described in 
chapter 7. 
3.4.4 Comparison of P recovery from ISSA and PSSC 
This topic is a stand-alone piece of research compared to objectives A-C described above. A large variety 
of experiments, chemical, and physical analysis were used to compare ISSA and PSSC to achieve 
objective D. Each of these methods combined accomplishes the outcome of understanding the 
differences between ISSA and PSSC and P recovery from each solid. The methods, results, and discussion 
are presented in chapter 7 of this thesis. 
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Chapter 4: Effect of Simultaneous Chemical Phosphorus Removal on 
Biological Phosphorus Removal and Phosphorus Recovery1 
4.1 Abstract 
Phosphorus (P) is a finite natural resource which has no substitutes in the environment; it is a key 
component of fertiliser. P recovery as struvite fertiliser from enhanced biological phosphorus removal 
(EBPR) is an ideal solution to reduce stresses on mined P. Simultaneous chemical P removal can be used 
to support the EBPR process, but excessive chemical dosing exerts negative effects on P removal and 
recovery. This study monitored the long-term effects of chemical dosing and weather conditions on 
EBPR performance and % PO4-P recovery. Fe concentrations are a more significant predictor of EBPR 
performance than weather conditions. Approximately 100 days is required for EBPR performance to 
improve significantly after reducing FeCl2 solution dosing. Further downstream, between 140-200 days 
are required for PO4-P concentrations to increase after FeCl2 solution dosing is reduced in the EBPR 
process. Centrate Fe concentrations must remain below 1.5 mg/l to ensure PO4-P concentrations exceed 
100 mg/l (i.e. minimum design concentration to achieve efficient % PO4-P recovery rates). However, Fe 
concentrations do not directly affect % PO4-P recovery; rather Fe concentrations affect PO4-P 
concentrations which in turn affect % PO4-P recovery. This research can help with the successful 
integration and operation of P recovery systems in other WWTP by learning lessons on simultaneous 
chemical dosing from this experience. 
                                                          
1 This chapter has been prepared as an article for submission to the journal ‘Water Environment Research’ 
Authors: Kleemann, R., Chenoweth, J., Clift, R., Morse, S., Pearce, P. and Saroj, D. 
Title: Effect of Simultaneous Chemical Phosphorus Removal on Biological Phosphorus Removal and Phosphorus 
Recovery 
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4.2 Introduction 
Excess P discharges in surface waters are a concern due to eutrophication risk. The introduction of 
stringent discharge targets led to the development of biological and chemical processes to remove 
nutrients from wastewater (Doyle & Parsons, 2002). Enhanced biological phosphorus removal systems 
(EBPR) are an established P removal technology in which P is removed by the uptake of P by 
polyphosphate accumulative microorganisms (PAO) (Henze et al., 2008; Hu et al., 2012). In the 
anaerobic phase PO4-P is released and in the aerobic phase luxury PO4-P uptake occurs, resulting in a net 
removal of PO4-P and an activated sludge rich in PO4-P (Wentzel et al., 2008). High removal efficiencies 
results in surplus activated sludge (SAS) rich in P which is transferred to sludge treatment processes 
downstream (Mino et al., 1998). However, the reliability and stability of EBPR is of concern as 
performance deterioration can lead to violations of final effluent discharge consents (Oehmen et al., 
2007).  
Temperature is a key parameter which affects the EBPR process (Mulkerrins et al., 2004). Quick 
temperature shifts affect sludge activity and specific P release reduces when temperature decreases 
(Mulkerrins et al., 2004). In warmer temperatures PAO and glycogen accumulating organisms (GAO) 
compete for the uptake of carbon sources, GAO proliferate and cause EBPR performance deterioration 
(Zheng et al., 2014). Heavy rainfall events can lead to the dilution of raw wastewater, the reduction of 
removal efficiencies, and discharging of biomass from activated sludge tanks (Rouleau et al., 1997). 
A practical solution to stabilise EBPR and meet effluent standards is to supplement the EBPR process 
with chemical P removal (de Haas et al., 2000). Ferrous chloride (FeCl2) solution is a common coagulant 
used to remove soluble PO4-P from wastewater into sludge. Fe ions in solution react with PO4-P 
producing metal phosphates which precipitate into sludge (Crutchik & Garrido, 2012). However, the 
addition of chemical coagulants can negatively affect the EBPR process, changing pH and adjusting the 
structure of the EBPR microorganism community (Zheng et al., 2014). It would be beneficial to 
determine the amount of time required for EBPR to recover from negative impacts (Zheng et al., 2014). 
Multiple factors affecting EBPR performance should be investigated as most studies examine only the 
impact of single-factors (Zheng et al., 2014). 
Anaerobic digestion (AD) of EBPR sludge releases high quantities of Mg and PO4-P coupled with high NH4 
concentrations in wastewater which makes ideal conditions for struvite formation (Jaffer et al., 2002). 
Struvite (MgNH4PO4·6H2O) is a white crystalline substance composed of magnesium ammonium 
phosphate; it forms according to Equation 4-1.  
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Equation 4-1: Mg2+ + NH4+ + PO43- + 6H2O → MgNH4PO4·6H2O(s) 
Struvite is a nuisance in WWTP because it forms a hard deposit inside pipes, pumps and sludge 
dewatering equipment. Sludge dewatering pumps and pipes (i.e. centrifuge centrate) are especially 
prone to struvite fouling. This results in increased maintenance (and cost) to remove deposits (Doyle & 
Parsons, 2002). Struvite is a commercially viable product if recovered and sold as fertiliser. The recovery 
of P as struvite fertiliser from WWTPs reduces struvite precipitation potential by lowering PO4-P 
concentrations across the WWTP. However, the use of chemical dosing in EBPR lowers PO4-P 
concentrations in sludge and sludge dewatering liquors, reducing PO4-P recovery rates. The FeCl2 metal 
salt precipitates PO4-P into sludge, removing potential for struvite formation in digesters and sludge 
lines (De-Bashan & Bashan, 2004). To increase the recovery of PO4-P, simultaneous chemical removal 
must be reduced to allow more PO4-P to become bioavailable for recovery as struvite fertiliser. Chemical 
solution dosing must be progressively reduced to allow gradual remediation of the EBPR and ensure 
final effluent targets are met. Currently there are only 22 full or demonstration scale P recovery systems 
in Europe. Therefore little literature is available describing full-scale nutrient recovery in WWTP, 
especially addressing the adjustments required onsite to ensure efficient nutrient recovery.  
A case study of Slough WWTP in the UK was undertaken to examine the long-term effects of chemical P 
removal on EBPR and PO4-P recovery rates.  The interaction between EBPR performance (as measured 
by specific PO4-P release and specific PO4-P uptake), Fe concentrations, and weather conditions were 
examined over 1+ year. The subsequent changes in PO4-P concentrations in centrate and % PO4-P 
recovery rates as affected by Fe concentrations and weather conditions were investigated. 
 
4.3 Methods 
4.3.1 Study area 
This case study was focused on Slough WWTP which serves an approximate population equivalent (PE) 
of 238,000. A significant proportion of this PE is industry, including food packaging and confectionary 
producers. Slough WWTP accepts up to 10 TDS (tonnes dry solids) tonnes of imported sludge per day 
from smaller satellite WWTPs. Slough WWTP is similar to many other EBPR sites across the UK and 
Europe that have problems of struvite precipitation which could be resolved by recovering struvite. A 
process flow diagram is depicted in Figure 4-1. Slough WWTP Influent characteristics are as follows; total 
P 12.46±6.99 mg/l; PO4-P 4.88±2.08 mg/l; Fe 9.41±6.61 mg/l; NH4 36.81±17.41 mg/l; Mg 8.14±0.66 mg/l; 
BOD 246±109 mg/l and COD 633±281 mg/l. 
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Figure 4-1: a) Flow diagram of Slough WWTP processes; b) Biological nutrient removal (EBPR) configuration showing FeCl2 
solution dosing point 
Originally, wastewater was treated solely using an EBPR process. Within six months of commissioning 
the EBPR plant, Slough WWTP suffered problems with struvite precipitation in digested sludge holding 
tank and centrifuge pipelines. Centrate lines and pumps especially had become so restricted, it was no 
longer possible to transfer sludge to the centrifuge for dewatering (Jaffer et al., 2002). To suppress PO4-
P release in the EBPR process, FeCl2 solution was dosed into to the aeration phase of the EBPR process. 
However, it was recognised that PO4-P recovery as struvite fertiliser can help reduce the problems 
experienced onsite instead of chemical dosing. The Ostara nutrient recovery system was installed in 
Slough WWTP to treat centrifuge centrate removing PO4-P as struvite fertiliser. When the P recovery 
system is not operational, centrifuge centrate (Flow P) joins Flow S directly. When operating, centrate 
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(Flow P) enters the P recovery system, where it is separated into struvite fertiliser (Flow Q) and effluent 
from P recovery (Flow R). 
The struvite recovery process in Slough WWTP was designed for minimum centrate PO4-P 
concentrations of 100 mg/l to achieve efficient and economical recovery rates. Dosing FeCl2 solution 
into the EBPR process dropped PO4-P concentrations drastically, reducing struvite fertiliser recovery 
rates to <50%. Simultaneous FeCl2 solution dosing must be reduced to increase PO4-P available for 
recovery as struvite fertiliser, increasing recovery rates. However, this chemical dosing must be slowly 
reduced to allow for the gradual remediation of the EBPR process while avoiding exceeding final effluent 
discharge consents. 
4.3.2 Sampling and data collection 
Surplus activated sludge (SAS) was sampled at Flow J as indicated in Figure 4-1 for 484 days. Centrifuge 
centrate was sampled at Flow P for for 1478 days. Day 0 marks the beginning of sampling for the whole 
WWTP. P recovery in the Ostara P recovery system began on day 701 of the sampling regime. SAS and 
centrate samples were sent to UKAS 17025 accredited Thames Water Laboratories for analysis. Total Fe 
concentrations in SAS sludge were measured using inductively coupled mass spectrometry (ICP-MS). 
Bio-P experiments as described in the subsequent section were conducted on the SAS sludge. PO4-P and 
total Fe concentrations in centrifuge centrate were measured by ICP-MS by Thames Water laboratories. 
Total P measures all forms of P, i.e. dissolved and particulate, whereas PO4-P measures the filterable, 
soluble P fraction, i.e. the form taken up directly by plants cells (Murphy, 2007). % PO4-P removal was 
calculated using Equation 4-2.  
Equation 4-2: % PO4-P removal = (1 −
𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 PO4-P
𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 PO4-P
) × 100 
Temperature and rainfall data were collated from the website www.worldweatheronline.com (World 
Weather Online, 2015). The average of 24 hour profiles of temperature and rainfall were calculated and 
used in this research. 
4.3.3 Statistical analysis 
Multiple linear regression was conducted to determine significant predictors of specific PO4-P release, 
specific PO4-P uptake, centrate PO4-P concentrations, and % PO4-P recovery rates. Multiple linear 
regression was calculated using the IBM SPSS predictive analytics software package Version 22. 
Correlation analysis was used to determine the strength and relationship between variables measured 
in SAS sludge. Correlations were calculated using Microsoft Excel software. 
4.3.4 Bio-P experiment 
A bio-P experiment was conducted on EBPR sludge to observe the capacity of microorganisms to 
remove P from wastewater. A 20l stainless steel cylindrical batch reactor unit was filled with 15l of EBPR 
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sludge and placed in a water bath maintained at 20°C. The bio-P experiment consists of two phases of 
2h duration each: an anaerobic phase where substrate (sodium acetate C2H3NaO2) is consumed and P 
released, followed by aerobic phase in which P is taken up. In the initial stage (pre-denitrification) N2 is 
sparged into the batch reactor to eliminate dissolved O2 before substrate addition. In the anaerobic 
phase, substrate as added at time t=0 minutes, at a ratio of 50mg per litre of sludge, the same amount 
of substrate was added for all experiments. During the 2h anaerobic phase, N2 flow was maintained at 
6l/h. The aerobic phase was induced by supplying air for 2h at a rate of 3l/h. During the experiment, 
sludge samples were abstracted from the batch reactor every 15min, filtered and PO4-P concentrations 
measured by Thames Water laboratories. A sludge sample was taken at the beginning and end of both 
anaerobic and aerobic phases for volatile suspended solids (VSS) analysis by Thames Water laboratories 
EBPR performance refers to the combined effect of specific PO4-P release and specific PO4-P uptake, as 
calculated using Equation 4-3 and Equation 4-4.  
Equation 4-3: Specific PO4-P release (mg PO4-P/g VSS) =  
𝑃𝑂4-P 𝑒𝑛𝑑 𝑜𝑓 𝑎𝑛𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑝ℎ𝑎𝑠𝑒 − 𝑃𝑂4-P  𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝑎𝑛𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑝ℎ𝑎𝑠𝑒
𝑉𝑆𝑆 𝑒𝑛𝑑 𝑜𝑓 𝑎𝑛𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑝ℎ𝑎𝑠𝑒
 
Equation 4-4: Specific PO4-P uptake (mg PO4-P/g VSS) =  
𝑃𝑂4-P 𝑒𝑛𝑑 𝑜𝑓 𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑝ℎ𝑎𝑠𝑒 − 𝑃𝑂4-P  𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑝ℎ𝑎𝑠𝑒
𝑉𝑆𝑆 𝑒𝑛𝑑 𝑜𝑓 𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑝ℎ𝑎𝑠𝑒
 
 
4.4 Results 
4.4.1 Effects of Fe concentrations on EBPR performance 
It is considered that temperature and rainfall have an effect on the biological system (Brdjanovic et al., 
1998). In order to determine if FeCl2 solution dosing has a greater effect than weather conditions, 
correlational and multiple linear regression analyses were conducted. Table 4-1 displays the results of 
correlation analysis, which shows that a very strong inverse relationship exists between Fe 
concentration and specific PO4-P release and specific PO4-P uptake. A strong positive relationship exists 
between temperature and Fe concentrations (see Table 4-1).  
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Table 4-1: Correlation analysis of factors measured at EBPR process 
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Fe concentration  -0.73 -0.76 0.59 -0.20 
Specific PO4-P release -0.73  0.89 -0.26 0.26 
Specific PO4-P uptake -0.76 0.89  -0.08 0.26 
Average temperature 0.59 -0.26 -0.08  -0.15 
Average rainfall -0.20 0.26 0.26 -0.15  
 
Multiple linear regression analysis (Table 4-2 and Table 4-3) shows Fe concentration is a more significant 
predictor of specific PO4-P release and specific PO4-P uptake compared to weather conditions. 
Temperature and rainfall are not significant predictors of specific PO4-P release and specific PO4-P 
uptake when FeCl2 solution dosing is present, agreeing with correlation analysis (Table 4-1). However, 
beta coefficients (Table 4-2 and Table 4-3) and correlation analysis (Table 4-1) show that temperature 
has a positive effect and rainfall has a negative effect on specific PO4-P release and specific PO4-P 
uptake. 
Table 4-2: Linear regression analysis of potential predictors of specific PO4-P release 
Coefficientsa 
Model 
Unstandardized Coefficients Standardized Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 9.639 2.118  4.550 0.001 
Fe concentration 0.000 0.000 -0.759 -3.380 0.005 
Average temperature 0.028 0.072 0.085 0.393 0.701 
Average rainfall -0.069 1.048 -0.014 -0.066 0.949 
a. Dependent Variable: Specific PO4-P Release 
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Table 4-3: Linear regression analysis of potential predictors of specific PO4-P uptake 
Coefficientsa 
Model 
Unstandardized Coefficients Standardized Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 16.196 2.760  5.868 0.000 
Fe concentration -0.001 0.000 -0.892 -4.706 0.001 
Average temperature 0.171 0.094 0.333 1.822 0.093 
Average rainfall -0.144 1.365 -0.019 -0.106 0.918 
a. Dependent Variable: Specific PO4-P Uptake 
 
Figure 4-2a depicts that a logarithmic relationship exists between Fe concentration and specific PO4-P 
release and specific PO4-P uptake. It is observed that as Fe concentrations reduce specific PO4-P release 
and specific PO4-P uptake improves. This logarithmic relationship shows that small concentrations of Fe 
have a large effect on specific PO4-P release and specific PO4-P uptake. Figure 4-2b shows the 
rehabilitation of EBPR performance over time as FeCl2 solution dosing is reduced. A significant 
improvement of EBPR performance was measured in SAS sludge towards the end of the study period at 
from day 232 onwards. However, a peak in EBPR performance is observed on day 99 after the FeCl2 
solution dosing was reduced. 
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Figure 4-2: a) Relationship between EBPR sludge Fe concentrations and specific PO4-P release and specific PO4-P uptake with 
logarithmic trend lines; b) Progression of EBPR sludge Fe concentrations and specific PO4-P release and specific PO4-P uptake 
over time 
Figure 4-3 displays the progression of Fe concentrations in both SAS sludge and centrate liquors over the 
study period. FeCl2 solution dosing was decreased on day 0, but it can be seen that despite reducing 
FeCl2 solution dosing, Fe concentrations in centrate increased in subsequent contiguous days. 112 days 
and 223 days elapsed until a significant depression in SAS and centrate Fe concentrations occurred, 
respectively. This shows there is a significant lag between decreasing FeCl2 solution dosing and the 
detection of this decrease in centrate Fe concentrations. On approximately day 120 FeCl2 solution 
dosing was increased to ensure regulatory discharge consents were met. Following this increase, peak 
SAS and centrate Fe concentrations were measured on days 209 and 355, respectively. 
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Figure 4-3: Progression of SAS and centrate Fe concentrations over time with polynomial trend lines. Dashed lines indicate 
day on which chemical dosing was increased/decreased 
By reducing FeCl2 solution dosing in the EBPR process it was expected that PO4-P concentrations in 
centrate would increase because more freely bioavailable PO4-P is present in SAS and centrate, due to 
the reduced presence of PO4-P binding Fe. 
4.4.2 Effect of Fe concentrations on % PO4-P Recovery  
Figure 4-4a shows the progression of PO4-P concentrations as a result of changing FeCl2 solution dosing 
in EBPR. Approximately 260 days were required before an increase in centrate PO4-P concentrations to 
be detected after reducing FeCl2 solution dosing at EBPR. Between days 350-400 PO4-P concentrations 
reduced following the increase of FeCl2 solution dosing at EBPR on day 209, but recovered to higher 
concentrations after decreasing FeCl2 solution dosing again.  
Figure 4-4b shows the sensitivity of PO4-P concentrations to Fe concentrations.  When PO4-P 
concentrations exceeded 100mg/l (minimum design concentration to achieve efficient struvite 
recovery), Fe concentrations averaged 1.24±0.84 mg/l. Figure 4-4b shows that even slight increases in Fe 
concentrations caused significant drops in PO4-P concentrations at days 835-912 and days 1250-1325. 
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Figure 4-4: a) Progression of SAS Fe concentrations and centrate PO4-P concentrations over time with polynomial trend lines; 
b) Progression of centrate PO4-P concentrations and centrate Fe concentrations over time with polynomial trend lines 
A clear trend between Fe concentrations and % PO4-P removal is not discernible in Figure 4-5a. 
However, Figure 4-5b shows a more obvious parallel trend between PO4-P concentrations and % PO4-P 
removal. Multiple linear regression analysis was conducted to investigate the relationships between 
PO4-P recovery (%) and potential predictors. Table 4-4 shows that PO4-P concentration is a significant 
predictor of % PO4-P recovery. Fe concentration is not a significant predictor of % PO4-P recovery in 
comparison to PO4-P concentrations. Table 4-5 displays that Fe concentration is the most significant 
predictor of PO4-P concentrations.  
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Figure 4-5: a) Progression of centrate Fe concentrations and PO4-P removal over time with polynomial trend lines; b) 
Progression of centrate PO4-P concentrations and PO4-P removal over time with polynomial trend lines 
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Table 4-4: Linear regression analysis of potential predictors of PO4-P recovery  
Coefficientsa 
Model 
Unstandardized Coefficients Standardized Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 0.490 0.050  9.748 0.000 
PO4-P concentration 0.002 0.000 0.469 3.985 0.000 
Fe concentration -0.013 0.013 -0.113 -0.973 0.334 
Average rainfall 0.029 0.032 0.106 0.929 0.357 
Average temperature 0.001 0.003 0.026 0.231 0.818 
a. Dependent Variable: PO4-P recovery % 
 
Table 4-5: Linear regression analysis of potential predictors of PO4-P concentration 
Coefficientsa 
Model 
Unstandardized Coefficients Standardized Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 78.227 5.502  14.218 0.000 
Fe concentration -1.239 0.079 -0.826 -15.712 0.000 
Average temperature 1.210 0.499 0.129 2.423 0.017 
Average rainfall 2.852 6.071 0.024 0.470 0.639 
a. Dependent Variable: PO4-P concentration 
 
 
4.5 Discussion  
4.5.1 Effect of Fe on P removal 
Simultaneous chemical P removal is commonly used in activated sludge systems to supplement EBPR. 
However, simultaneous chemical precipitation may have a deleterious effect on EBPR (de Haas, et al., 
2000). Table 4-1 shows the strong negative correlation between Fe concentration and specific PO4-P 
release and specific PO4-P uptake, while Table 4-2 and Table 4-3 show that Fe concentration is a 
significant predictor of specific PO4-P release and specific PO4-P uptake. The addition of FeCl2 solution 
results in a reduction in pH values creating an environment which is unsuitable for the normal metabolic 
activity of most microorganisms in the EBPR system (Caravelli et al., 2010). However, pH of this EBPR 
sludge only ranged from 6.4-6.9, meaning this mechanism may not be affecting this system. The EBPR 
performance is inhibited to a greater extent when microorganisms must compete with chemical salts for 
available PO4-P (de Haas et al., 2001; Lopez-Vazquez et al., 2008). As FeCl2 solution dosing is reduced the 
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microorganisms no longer need to compete with chemical salts for PO4-P and EBPR performance (as 
measured by specific PO4-P release and PO4-P uptake) is improved. 
According to Brdjanovic et al. (1998) EBPR processes are sensitive to disturbances such as rainfall and 
temperature. Temperature and rainfall effect the metabolic activities of microorganisms and sludge 
settling characteristics (Metcalf & Eddy, 2003). However, Table 4-2 and Table 4-3 show that chemical 
dosing has a stronger negative effect on EBPR than weather conditions. FeCl2 solution dosing directly 
affects and mixes with wastewater compared to temperature and rainfall which cannot penetrate to 
affect all sludge particles. 
Liu et al., (2008) found that Al salts significantly affected EBPR processes, whereas Fe salts only inhibited 
EBPR processes when the dose was large enough. However, the logarithmic relationship depicted in 
Figure 4-2a shows that small increases in Fe concentrations greatly reduce specific PO4-P release and 
specific PO4-P uptake. Figure 4-2b shows that a significant amount of time is required for EBPR 
performance to improve. In response to the recommendation by Zheng et al. (2014) to determine the 
time taken for EBPR to recover from negative impacts, it is suggested that approximately 100 days is 
required for specific PO4-P release and specific PO4-P uptake to improve significantly. This is significantly 
longer than the 4 weeks Okada et al., (1992) suggest is required for EBPR to recover following a 
prolonged disturbance. Liu et al., (2008) report that accumulated chemical salts in sludge are persistent. 
Figure 4-3 shows that large timescales of up to 112-223 days are required to reduce Fe concentrations 
between the EBPR process and Ostara P recovery process downstream. This is due to the long sludge 
residence times of digesters and accumulation of solids in the WWTP network. 
4.5.2 PO4-P recovery 
Reducing FeCl2 solution dosing leads to an increase in PO4-P across the WWTP, as the metal salt no 
longer inhibits hydrolysis of polyphosphates in EBPR and AD processes (Ofverstrom et al., 2011; Crutchik 
& Garrido, 2012). This effect is clearly observed in Figure 4-4 where PO4-P concentrations increase as Fe 
concentrations reduce. Between 140-200 days is required for PO4-P concentrations to increase after 
FeCl2 solution dosing is reduced in the EBPR process. This lengthy timescale is important to note when 
planning the installation and operation of a struvite recovery system. It is also important to highlight 
that Fe concentrations in centrate must remain steadily below 1.5 mg/l to ensure PO4-P concentrations 
reach the minimum design parameters. Britton et al., (2009) reported that 60 days were required for 
PO4-P concentrations to increase from 150 mg/l to 700 mg/l, a 4.7 times increase. In this research an 
average of 189 days was required to achieve a 12 fold increase in PO4-P concentrations when comparing 
against Fe centrate concentrations. 
Figure 4-5a and Table 4-4 show that Fe concentration does not directly affect % PO4-P recovery, rather 
Fe concentrations affect PO4-P concentrations which in turn affect % PO4-P recovery. Fe concentrations 
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have a strong effect on PO4-P concentration, because PO4-P binds with the metal salt producing an 
insoluble Fe-P compound (Crutchik & Garrido, 2012). Fe is not precipitated in the struvite fertiliser 
product and Fe concentrations are not used to calculate % PO4-P removal, therefore it is logical that 
PO4-P concentrations have a stronger effect on removal efficiencies than Fe concentrations.  
 
4.6 Conclusions 
Simultaneous chemical P removal is commonly used in activated sludge systems to supplement EBPR, 
but excessive chemical dosing can have a negative impact on EBPR performance (de Haas, et al., 2000). 
In conjunction, excessive chemical dosing reduces recovery rates of the Ostara P recovery system 
further downstream. This study monitored the long-term effects of chemical dosing and weather 
conditions on EBPR performance and % PO4-P recovery. 
Strong negative correlations between Fe concentrations and specific PO4-P release and specific PO4-P 
uptake (i.e. EBPR performance) were measured. As FeCl2 solution dosing reduces the microorganisms no 
longer need to compete with chemical salts for PO4-P thereby improving EBPR performance. Fe 
concentrations have a stronger negative effect on EBPR performance than weather conditions. FeCl2 
solution dosing directly mixes with wastewater compared to temperature and rainfall which cannot 
penetrate to affect all sludge particles. Small increases in Fe concentrations greatly reduce specific PO4-P 
release and specific PO4-P uptake. Approximately 100 days is required for specific PO4-P release and 
specific PO4-P uptake to improve significantly. Up to 112-223 days are required to reduce Fe 
concentrations between the EBPR process and the Ostara P recovery process downstream. 
Reducing FeCl2 solution dosing leads to an increase in PO4-P across the WWTP, as the metal salt no 
longer inhibits hydrolysis of polyphosphates in EBPR and AD processes (Ofverstrom et al., 2011; Crutchik 
& Garrido, 2012). Between 140-200 days is required for PO4-P concentrations to increase after FeCl2 
solution dosing is reduced in the EBPR process. Centrate Fe concentrations must remain below 1.5 mg/l 
to ensure PO4-P concentrations exceed 100 mg/l (i.e. minimum design concentration). Fe concentrations 
affect PO4-P concentrations which in turn affect % PO4-P recovery. Fe concentrations do not directly 
affect % PO4-P recovery. Fe concentrations have a strong effect on PO4-P concentration, because PO4-P 
binds with the metal salt producing an insoluble Fe-P compound (Crutchik & Garrido, 2012). 
The long-term monitoring of chemical effect on EBPR and P recovery at full-scale WWTP has highlighted 
the importance of reducing chemical dosing in EBPR between 100-200 days prior to the start-up and 
operation of a P recovery system. This research can help with the successful integration and operation 
of P recovery systems in other WWTP by learning lessons on simultaneous chemical dosing from this 
experience. 
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Chapter 5: In Operando Long-term Microbial Community Analysis of 
Wastewater Treatment Plant with Enhanced Biological Phosphorus 
Removal1 
 
5.1 Abstract 
A full-scale wastewater treatment plant (WWTP) with enhanced biological phosphorus removal (EBPR) 
supported by simultaneous chemical phosphorus (P) removal was monitored over a one-year sampling 
period. During the sampling regime, chemical dosing which can adversely affect microorganism 
functions was reduced to improve EBPR performance (measured as specific PO4-P release and specific 
PO4-P uptake). During the reduction of chemical dosing abundance and diversity of microorganisms in 
the EBPR process was measured. No significant relationship was found between diversity and EBPR 
performance. A dramatic decrease in diversity followed by its recovery and improvement of EBPR 
performance was observed, showing that the EBPR system was selecting for specific microorganisms. 
Proteobacteria and Actinobacteria measured positive correlations with EBPR performance showing they 
play a major role in EBPR. The genera Simplicispira, Tetrasphaera, and Micropruina were present in 
highest performing EBPR samples. Terrimonas measured high abundance at elevated Fe concentrations 
                                                          
1
 This chapter has been prepared as an article for submission to ‘The ISME Journal: Multidisciplinary Journal of 
Microbial Ecology’ 
Authors: Kleemann, R., Hodgson, D., Avignone-Rossa, C., Marchesi, J., Saroj, D., Smith, A., Chenoweth, J., Clift, R., 
Morse, S. and Pearce, P. 
Title: In operando microbial community analysis of wastewater treatment plant with enhanced biological 
phosphorus removal supported by chemical phosphorus removal 
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and diversity, displaying it is a resilient and competitive genus. Tetrasphaera were present in 69% of 
samples, showing that it is a prolific genus resistant to Fe dosing. Terrimonas and Tetrasphaera 
displayed opposite behaviours in thirty-two parameters measured. Little is known of the environmental 
significance of Terrimonas, this analysis may help illuminate the behaviour of Terrimonas in EBPR. 
Results of this study can be used as a benchmark to measure EBPR performance and certain 
microorganisms can be isolated to improve EBPR performance. 
Keywords: biological phosphorus removal; chemical phosphorus removal; EBPR upset 
 
5.2 Introduction 
Waste water treatment directives set stringent phosphorus (P) final effluent targets to be achieved by 
wastewater treatment plants (WWTP) which aim to reduce the eutrophication risk of water bodies. 
Meeting these low discharge targets forced the development of improved biological and chemical 
methods of P removal. Among them, enhanced biological phosphorus removal (EBPR) is an effective 
method of reducing effluent P by the activity of a microbial community (Liu et al., 2008). In EBPR, P 
removal is achieved by the release and uptake of P by polyphosphate accumulative microorganisms 
(PAO) in an anaerobic-aerobic sequence (Wentzel et al., 2008). In the anaerobic phase PO4-P is released 
and in the aerobic phase luxury PO4-P uptake occurs, resulting in a net removal of PO4-P and an 
activated sludge rich in PO4-P (Wentzel et al., 2008). More P is taken up during the aerobic phase than is 
released in the anaerobic phase resulting in the net removal of P (Henze et al., 2008). EBPR performance 
is reliant on the metabolism and interactions of microbial communities present (Hashimoto et al., 2014). 
In the process, PAO populations are subjected to cycles of anaerobic (feast) and aerobic (famine) phases 
(Kristiansen et al., 2013).  
WWTP operating EBPR processes frequently suffer from struvite (MgNH4PO4.6H2O) precipitation which 
blocks pumps and pipes; FeCl2 solution dosing is used to suppress this struvite formation (Doyle & 
Parsons, 2002; de Haas et al., 2000). PO4-P measures the soluble P fraction which can be taken up 
directly by plant cells, whereas total P measures all forms of P, i.e. dissolved and particulate (Murphy, 
2007). Fe ions react with PO4-P present in the system, producing an insoluble phosphate that 
precipitates into the sludge (Crutchik & Garrido 2012). Chemical dosing allows P to be removed into 
sludge, achieving discharge consents more easily, reducing P concentrations, and decreasing struvite 
precipitation. However, chemical dosing is expensive and increases sludge volume by 37-97% compared 
to EBPR sludge (Ofverstrom et al., 2011). Excess sludge production increases loads on other WWTP 
processes and cost of transporting sludge to land. Surplus coagulant use can adversely affect EBPR 
performance (De Gregorio et al., 2010). A more expedient method to reduce struvite precipitation 
potential is to recover P as struvite fertiliser. P recovery reduces the amount of P recycling through the 
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site and diminishes the potential for struvite to clog pumps and pipes (Jeanmaire & Evans 2001). Struvite 
can be used as a slow-release P, N, and Mg fertiliser, the sale of which provides revenue for the WWTP. 
To increase struvite recovery rates up to an efficient and economical >80% recovery rate, FeCl2 solution 
dosing must be reduced to increase PO4-P; the form of P recovered by the Ostara process. While 
reducing chemical dosing to improve one process onsite, the effects of this on other processes (i.e. 
EBPR) must be monitored to ensure the consistent and efficient operation of the WWTP to meet 
environmental regulatory discharge targets. 
While microbial communities present in EBPR plants and their functions have been studied to some 
detail, the response of those communities to chemical dosing remains unclear. In recent years, powerful 
high resolution molecular techniques have been developed that allow for detailed analysis of the 
composition, structure and activity of microbial communities. The analysis of the microbial communities 
generated in EBPR wastewater processes shows a high dominance of α-Proteobacteria and β-
Proteobacteria, Bacteroidetes, Actinobacteria, and Firmicutes (Beer et al., 2004; Liu et al., 2008; Wan et 
al., 2011; Zhang et al., 2012). Some of those are reported to improve the performance and stability of 
EBPR, while others have been shown to have a negative effect on the process.  
Interactions between chemical dosing and biological processes are complex and not well understood, 
and full-scale studies are rare. To the best of the authors’ knowledge, only one article has reported the 
influence of chemical dosing on biological P removal at a full-scale WWTP (Liu et al. 2011). In that study, 
it is shown that Al significantly inhibits biological P release and uptake, whereas Fe salts exert a weak 
effect on EBPR and is inhibitory only at high Fe doses (Liu et al., 2011). The effects of chemical dosing on 
biological processes were examined, but the effects on microbial communities were not monitored. 
Knowledge on interactions between chemical nutrient removal and biological nutrient removal must be 
expanded to improve the performance of biological processes. Full-scale studies of EBPR plants are 
required, as lab-scale research does not correlate well with full-scale WWTP operations. In this work, we 
analysed the effects of chemical dosing on an EBPR process at a full-scale WWTP over a one year 
sampling period. We studied how FeCl2 solution dosing affects the composition of the microbial 
populations, their diversity, and EBPR performance, and identified the microbial species that are 
influential in the process. This research is based on the hypothesis that reducing chemical dosing will 
increase microorganism diversity by reducing stress conditions and PAO death (De Gregorio et al., 2010; 
Motlagh et al., 2015). An increase in EBPR performance (i.e. specific PO4-P release and specific PO4-P 
uptake) is expected through reducing the inhibitory effects of chemical coagulant dosing (Liu et al., 
2011). 
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5.3 Material & methods 
5.3.1 Study area 
The study site Slough WWTP, owned and operated by the water company Thames Water, serves a 
population equivalent (PE) of ca. 238 000, of which approximately 15% is industry, including food 
packaging and confectionary producers. Up to 10 tonnes of sludge per day is imported from other 
smaller Thames Water WWTPs located nearby. A process flow diagram of Slough WWTP is provided in 
Figure A-1a - Supplementary Data, Appendix A. Crude inlet flow to Slough WWTP is 60822±8854m3/day 
and wastewater influent characteristics are as follows: NH4 36.81±17.41 mg/l, PO4-P 4.88±2.08 mg/l, 
total P 12.46±6.99 mg/l, Mg 8.14±0.66 mg/l, and Fe 9.41±6.61 mg/l. 
The three-stage Bardenpho EBPR configuration is used in Slough WWTP (see Figure A-1b of 
Supplementary Data). Originally, the site treated wastewater using the EBPR process solely, but within 
six months of commissioning the plant struvite formation between the digested sludge tank and 
centrifuge pipelines emerged. To suppress PO4-P release, FeCl2 solution was dosed to the aeration phase 
of the EBPR process (See Figure A-1b). However, with the introduction of the P recovery system, FeCl2 
solution dosing must be reduced to increase PO4-P. 
5.3.2 Sample collection 
EBPR sludge samples were collected from the surplus activated sludge (SAS) holding tank on average 
every 2.5 weeks for 415 days. This sample was used for elemental analysis, biological phosphorus 
removal batch test (bio-P experiment, see section 5.3.3) and microbial community analysis (see section 
5.3.4). EBPR sludge samples were sent to the UKAS 17025 accredited Thames Water laboratories for 
inductively coupled mass spectrometry (ICP-MS) analysis of total P, Fe, Mg, Ca, K, and Al. 
5.3.3 Bio-P experiments 
A bio-P experiment was conducted on EBPR sludge to observe the capacity of microorganisms to 
remove P from wastewater. A 20l stainless steel cylindrical batch reactor unit was filled with 15l of EBPR 
sludge and placed in a water bath maintained at 20°C. The bio-P experiment consists of two phases of 
two hours duration each: an anaerobic phase where substrate (sodium acetate C2H3NaO2) is consumed 
and P released, followed by aerobic phase in which P is uptaken. In the next stage (pre-denitrification) 
N2 is sparged into the batch reactor to eliminate dissolved oxygen before substrate addition. In the 
anaerobic phase, substrate as added at time t=0 minutes, at a ratio of 50mg per litre of sludge. During 
the 2h anaerobic phase, N2 flow was maintained at 6l/h. The aerobic phase was induced by supplying air 
for 2h at a rate of 3l/h. During the course of the experiment, sludge samples were abstracted from the 
batch reactor every 15min, filtered and analysed to determine PO4-P concentrations using Merck 
Spectroquant® Test kits (order numbers: 1.00474.0001, 1.00475.0001, and 1.00673.0001). A sludge 
sample was taken at the beginning and end of both anaerobic and aerobic phases for volatile suspended 
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solids (VSS) analysis according to Methods for the Examination of Waters and Associated Materials 
(Environment Agency, 2010). EBPR performance refers to the combined effect of specific PO4-P release 
and specific PO4-P uptake. Specific PO4-P release and specific PO4-P uptake (mg PO4-P/g VSS) were 
calculated using Equation 5-1 and Equation 5-2.  
Equation 5-1: Specific PO4-P release (mg PO4-P/g VSS) =  
𝑷𝑶𝟒-P 𝒆𝒏𝒅 𝒐𝒇 𝒂𝒏𝒂𝒆𝒓𝒐𝒃𝒊𝒄 𝒑𝒉𝒂𝒔𝒆 − 𝑷𝑶𝟒-P  𝒔𝒕𝒂𝒓𝒕 𝒐𝒇 𝒂𝒏𝒂𝒆𝒓𝒐𝒃𝒊𝒄 𝒑𝒉𝒂𝒔𝒆
𝑽𝑺𝑺 𝒆𝒏𝒅 𝒐𝒇 𝒂𝒏𝒂𝒆𝒓𝒐𝒃𝒊𝒄 𝒑𝒉𝒂𝒔𝒆
 
Equation 5-2: Specific PO4-P uptake (mg PO4-P/g VSS) =  
𝑷𝑶𝟒-P 𝒆𝒏𝒅 𝒐𝒇 𝒂𝒆𝒓𝒐𝒃𝒊𝒄 𝒑𝒉𝒂𝒔𝒆 − 𝑷𝑶𝟒-P  𝒔𝒕𝒂𝒓𝒕 𝒐𝒇 𝒂𝒆𝒓𝒐𝒃𝒊𝒄 𝒑𝒉𝒂𝒔𝒆
𝑽𝑺𝑺 𝒆𝒏𝒅 𝒐𝒇 𝒂𝒆𝒓𝒐𝒃𝒊𝒄 𝒑𝒉𝒂𝒔𝒆
 
5.3.4 Microbial community analysis 
Total DNA was extracted from the sludge sample using FastDNA Spin Kit for Soil (MP Biomedicals, UK). 
20ml of sample was suspended in 20ml of PBS containing 20% (w/v) glycerol and stored at -20°C. Prior 
to DNA extraction, the samples were thawed and centrifuged (10 000g, 5min), washed three times with 
1ml PBS and resuspended in 100μl of nuclease free water (Promega, UK). 
The V1-V3 hypervariable regions of 16S rRNA genes were amplified for sequencing using the following 
forward and reverse fusion primers: 28F-GAGTTTGATCNTGGCTCAG and 519R-GTNTTACNGCGGCKGCTG. 
PCR and subsequent sequencing are described in the literature (Dowd et al., 2008) and were performed 
at the Research and Testing Laboratory (Lubbock, USA). Trace data was deposited at the EMBL-EBI 
European Nucleotide Archive with the project accession PRJEB9971. Analysis of the 16S rRNA 
sequencing data was performed using Mothur v1.32.1 to v1.34.1 as previously described (MacIntyre et 
al, 2015). All OTUs were defined using a cut off value of 97%. 
 
5.4 Results  
5.4.1 EBPR performance relationship with iron 
Fe concentration and specific PO4-P release and specific PO4-P uptake (i.e. EBPR performance) were 
measured approximately every 2.5 weeks during the sampling period. A detailed graph of the EBPR 
performance experiments results are provided in Figure A-2 of Supplementary Data. Figure 5-1a shows 
the change in Fe concentration and EBPR performance during the course of sampling. As Fe 
concentration decreases, EBPR performance (measured as specific PO4-P uptake and specific PO4-P 
release) increases. Figure 5-1b shows the strong inverse relationship between Fe concentration and 
specific PO4-P release (r=-0.78), and Fe concentration and specific PO4-P uptake (r=-0.89). 
Sustainable P Recovery from Waste  Chapter 5 
5-6 
 
 
Figure 5-1: a) Progression of Fe concentrations, specific PO4-P release, and specific PO4-P uptake over time period; b) 
Relationship between Fe and specific PO4-P release and specific PO4-P uptake 
5.4.2 Microbial community analysis 
The bar chart presented in Figure 5-2 displays the highly dynamic microbial population during the study 
period. In the initial 178 days of sampling EBPR sludge contained a mixture of four, five, and six phyla; 
subsequently in the final ten sampling days, only Proteobacteria, Firmicutes, and Actinobacteria are 
present. From day 189-239 Proteobacteria, present throughout the sampling regime, are accompanied 
by Firmicutes. Interestingly, from day 349-415 Firmicutes are completely replaced by Actinobacteria. A 
relatively strong inverse correlation (r=-0.54) was calculated between Firmicutes and Actinobacteria. A 
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weak correlation of r=0.19 exists between Proteobacteria and Firmicutes, but a strong inverse 
correlation of r=-0.67 was measured between Proteobacteria and Actinobacteria. 
In terms of microorganism class abundance, from day 189-239 only α-Proteobacteria (60.8-86.0%), 
Bacilli (8.0-58.1%) and Clostridia (1.6-6.3%) were present. The sludge microbial array then increases 
from days 349-415 with the presence of Actinobacteria (34%), β-Proteobacteria (31%), γ-Proteobacteria 
(15%), and α-Proteobacteria (14%), with one count of Anaerolineae on day 385. A very strong 
correlation (r=-0.71) was calculated between α-Proteobacteria and Actinobacteria. A relatively high 
negative correlation of r=-0.51 exists between α-Proteobacteria and β-Proteobacteria. 
 
Figure 5-2: Bar chart of phylum % abundance overlaid with trend line of Fe concentrations over time period 
5.4.3 Diversity 
The diversity of the microbial community in the system was measured as Shannon-Weiner index and its 
variation in time is shown in Figure 5-3a. The diversity (average 4.89±0.21) shows a slight increase 
during the process until a sudden drop in diversity is observed on day 182 (Figure 5-3a). The diversity is 
low during this drop with an average of 2.82±0.18 until day 239 when diversity recovered and averaged 
6.34±0.11. Figure 5-3b shows the relationship between diversity and EBPR performance; a weak 
correlation r=0.19 and r=0.26 exists between specific PO4-P release/diversity and specific PO4-P 
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uptake/diversity, respectively. Figure 5-3c conveys that at medium Fe concentrations diversity varied 
greatly showing the microbial system is undergoing fluctuation. 
 
 
Figure 5-3: a) Progression of diversity over time period; b) Relationship between diversity and specific PO4-P release and 
specific PO4-P uptake; c) Relationship between diversity and Fe concentrations 
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A very strong negative correlation of r=-0.82 exists between Firmicutes and diversity, with Firmicutes 
prevailing at low-medium diversity levels (see Figure A-3 for heat map of phyla at increasing diversity). 
At six lowest diversities measured only Proteobacteria and Firmicutes are present, and Firmicutes were 
absent from the nine highest diversities measured. Actinobacteria displays opposite behaviour from 
Firmicutes being present at medium to high diversity levels. Only Proteobacteria and Firmicutes 
correlated negatively with diversity, four remaining phyla correlating positively with diversity.  
In terms of genus, Lactobacillus and Ochrobactrum measured very strong correlations with diversity of 
r=-0.78 and r=-0.81, respectively. Clostridium XI also correlated negatively with diversity (r=-0.30), all 
remaining twenty-five genera each correlated positively with diversity. During lowest diversity from days 
189-239, three genera were present: Clostridium XI, Lactobacillus, and Ochrobactrum, with 
Dechloromonas present on day 232. Figure A-4 of Supplementary data (heat map of genera at increasing 
diversity) shows that Ochrobactrum dominated the microbial genera community at low diversity with 
abundance ranging from 40 to 86%. Ochrobactrum was absent at medium diversity, but appeared again 
at higher diversities. The abundance of Lactobacillus, present at lowest diversity, decreased until it was 
no longer present at diversity >4.69. 
5.4.4 Low & high iron concentrations 
Figure 5-4 shows the genera present at the five highest and five lowest Fe concentrations. Thirteen 
genera were absent from five lowest Fe concentrations, but were present at five highest Fe 
concentrations. Half the total genera were present at lowest Fe concentrations, while twenty-five 
genera were present at higher Fe concentrations, indicating that Fe solution dosing is not having a 
deleterious effect on microbial community counts. Observing the heat map provided in Supplementary 
Data Figure A-5, a high variety of genera were present across higher Fe concentrations with a lower 
variety present at lower Fe concentrations. Aestuariimicrobium and Dokdonella were found in all five 
highest Fe concentration samples. 
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Figure 5-4: % abundance of genera present at five lowest and five highest Fe concentrations 
Terrimonas measured a strong correlation r=0.60 with Fe concentration. No other genus correlated 
strongly as with Fe concentration, highly significant and weaker correlations exist between Fe 
concentration and four other genera; Dongia r=0.41, p=0.0196; GP4 r=0.38, p=0.0343; Ideonella r=0.38, 
p=0.034; and Lutibaculum r=0.39, p=0.0259. Of the phylum measured, Bacteroidetes correlated most 
with Fe concentration with r=0.60. A strong correlation of r=0.59 exists between Fe concentration and 
temperature, likely due to concentrating effects of higher temperatures on WWTP flows. 
5.4.5 Specific PO4-P release & specific PO4-P uptake 
Figure A-6 of Supplementary Data displays that Actinobacteria and Proteobacteria were present across 
all high and low specific PO4-P release and specific PO4-P uptake samples. Only these two bacteria 
showed positive correlations with specific PO4-P release and specific PO4-P uptake (r=0.06, r=0.27 and 
r=037, r=0.20, respectively). The four remaining phyla correlated negatively with specific PO4-P release 
and specific PO4-P uptake. Bacteroidetes and Firmicutes were present at neither three highest specific 
PO4-P releases nor specific PO4-P uptake. Bacteroidetes measured strongest negative correlation with 
specific PO4-P release and specific PO4-P uptake than other phyla with r=-0.39 and r=-0.33, respectively. 
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Figure 5-5 shows the genera present at the three lowest and three highest specific PO4-P release 
samples. Figure 5-6 graphs the genera present at the three lowest and three highest specific PO4-P 
uptake samples. Twelve genera were present at three highest specific PO4-P release samples and 
twenty-six genera were present at three lowest specific PO4-P release samples. Simplicispira and 
Tetrasphaera correlated well with specific PO4-P release at r=0.47 and r=0.38, respectively. Seventeen 
genera were present at the three highest specific PO4-P uptake samples and twenty-five genera were 
present at the three lowest specific PO4-P uptake samples. Again Simplicispira and Tetrasphaera 
correlated well with specific PO4-P uptake along with Micropruina at r=0.49, r=0.51, and r=0.45, 
respectively. 
 
Figure 5-5: % abundance of genera present at three lowest and five highest specific PO4-P release experiments 
80 60 40 20 0 20 40 60 80
Aestuariimicrobium
Alkalispirillum
Allokutzneria
Atopostipes
Blastomonas
Caenimonas
Caldilinea
Clostridium XI
Dechloromonas
Derxia
Dokdonella
Dongia
Elioraea
Geothrix
Gp4
Ideonella
Ilumatobacter
Lactobacillus
Longilinea
Lutibaculum
Methylorosula
Micropruina
Ochrobactrum
Rhodobacter
Simplicispira
Sphingorhabdus
Terrimonas
Tetrasphaera
% Abundance 
7.24 Highest specific P release
5.35
4.25
0.87
0.57
0.27 Lowest specific P release
High specific 
PO4-P release 
Low specific 
PO4-P release 
Sustainable P Recovery from Waste  Chapter 5 
5-12 
 
Figure 5-6: % abundance of genera present at three lowest and five highest specific PO4-P uptake experiments 
5.4.6 Iron concentrations and EBPR performance 
Figure 5-7a,b,c, and d display the inverse relationship between EBPR performance and Fe 
concentrations, the circle width describes the % genus abundance. Figure 5-7a & Figure 5-7b shows 
Tetrasphaera were present along the range of Fe concentrations and specific PO4-P release/uptake, and 
that its abundance increases with specific PO4-P release/uptake as expected from correlation 
(r=0.38/r=0.51). Terrimonas were present at higher Fe concentrations which marked lower specific PO4-
P release/uptake as seen in Figure 5-1b. Terrimonas correlated strongly and positively with Fe (r=0.60) 
and negatively with specific PO4-P release/uptake (r=-0.39/r=-0.33). 
Figure 5-7c & Figure 5-7d show that Ochrobactrum was present throughout the range of Fe 
concentrations and specific PO4-P release/uptake. However, Ochrobactrum shows greatest abundance 
at medium Fe concentration and medium EBPR performance. Ochrobactrum correlated best with Fe (r=-
0.31), while correlations with specific PO4-P release are moderate (r=0.27) and weak correlation with 
specific PO4-P uptake were measured (r=0.04). Dechloromonas were present throughout Fe 
concentrations and specific PO4-P release/uptake ranges, but abundances are lowest at medium Fe 
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concentrations, in contrast to Ochrobactrum. Dechloromonas correlated weakly with Fe (r=-0.06) and 
moderately with both specific PO4-P release/uptake at r=0.34 and r=0.31. 
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Figure 5-7: a) Relationship between Fe concentrations and specific PO4-P release and genus Terrimonas and genus 
Tetrasphaera abundances; b) Relationship between Fe concentrations and specific PO4-P uptake and genus Terrimonas and 
genus Tetrasphaera abundances; c) Relationship between Fe concentrations and specific PO4-P release and genus 
Dechloromonas and genus Ochrobactrum abundances; d) Relationship between Fe concentrations and specific PO4-P uptake 
and genus Dechloromonas and genus Ochrobactrum abundances. CIRCLE WIDTH DENOTES % ABUNDANCE OF GENUS 
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5.5 Discussion 
This study used 16S RNA analysis coupled with sludge sampling and bio-P EBPR performance experiment 
to investigate the bacterial community of a full-scale WWTP EBPR system. To our knowledge this is the 
first study in which EBPR process supported by FeCl2 solution dosing was sampled and monitored for a 
prolonged period of time to determine abundance and function of microbial communities. 
5.5.1 EBPR performance relationship with iron 
Simultaneous chemical P removal is frequently used in activated sludge (AS) systems to supplement 
EBPR. However, simultaneous chemical removal exerts deleterious effects on EBPR (de Haas et al., 
2000). It is suggested that excess FeCl2 solution dosing in EBPR systems consumes alkalinity resulting in 
an acidified sludge which is unsuitable for the normal metabolic activity of most microorganisms 
(Caravelli et al., 2010; De Gregorio et al., 2010). However, pH of this EBPR sludge only ranged from 6.4-
6.9, meaning this mechanism may not be affecting this system. Lopez-Vazquez et al. (2008) state if P is 
chemically removed, it is then unavailable for PAO to replenish their intracellular poly-P pool, inhibiting 
the EBPR process. It is thought this is the mechanism creating the inverse relationship between chemical 
dosing and EBPR performance in this system. 
5.5.2 Microbial community over time 
Table 5-1 outlines the abundances of bacteria as detected in EBPR systems by other researchers, but the 
results of this study do not agree well with these findings. The difference in results could be attributed 
to the negative effect of α-Proteobacteria on β-Proteobacteria and Actinobacteria during EBPR upset 
(Okunuki et al., 2004). β-proteobacteria and Actinobacteria are reported to contribute to good EBPR 
performance, while α-proteobacteria is suggested to reduce EBPR performance at laboratory scale 
(Okunuki et al., 2004; Bond et al., 1999). In this system α-Proteobacteria had a greater effect on 
Actinobacteria than β-Proteobacteria with r=-0.71 and r=-0.51, respectively, explaining the low 
abundance of β-Proteobacteria. Figure A-7 shows graphically the dramatic decline in β-Proteobacteria 
and Actinobacteria as α-Proteobacteria increases to a maximum of 86% abundance. Figure A-7 also 
shows the concurrent increase of Bacilli with α-Proteobacteria, showing Bacilli are potentially resistant 
to and synchronise with α-Proteobacteria. Bacilli and Clostridia are sister classes, both of the phylum 
Firmicutes, that share phylogenetic properties which supports their mutual existence with α-
Proteobacteria from days 189 to 239 (see Figure 5-2) (Berman, 2012).The high abundance of Firmicutes 
in Slough WWTP is attributed to the high presence of food, beverage, and pharmaceutical related 
industries in the catchment area (Haakensen et al., 2008; Meng et al., 2015). 
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Table 5-1: Abundance of microorganism order found in EBPR systems as reported in literature 
 Muszynski et al. 
(2015) 
Lee et al. 
(2003) 
Juretschko et al. 
(2002) 
Kong et al. 
(2007) 
Current study 
Actinobacteria 15% <10%  13% 26% 
Acidobacteria   <1% <1% 6% 
α-Proteobacteria  <10% 16%  30% 
Bacteroidetes    17% 2% 
β-Proteobacteria 23% 16-47% 47%  10% 
Chloroflexi 12%   8% 8% 
Firmicutes  <10%  <1% 11% 
γ-Proteobacteria  <10% <1%  6% 
Planctomycetes   <1%   
Proteobacteria    56%  
 
Figure 5-2 shows the opposing relationships between Firmicutes and Actinobacteria as seen on days 
189-415. The substitution of Firmicutes and Actinobacteria bacteria between days 189-239 and days 
349-415 is likely due to the fact that these bacteria contain a family of proteins functionally equivalent 
to each other (Ravagnani et al., 2005). The decrease in α-Proteobacteria from day 349-415 allowed a 
rise in Actinobacteria and β-Proteobacteria abundances. Due to the increase of Actinobacteria, 
Firmicutes were no longer required due to their shared functions.  
5.5.3 Diversity 
Figure 5-3a shows the dramatic decrease in diversity which is followed by a recovery of diversity and 
mutual improvement of EBPR performance. The recovery of diversity may be due to the mutation and 
adaptation of new dominant bacteria strains (Li & Jin, 2009). Flowers et al. (2013) suggest diversity in 
their samples increased due to the washing effect of heavy rainfall transporting non-activated sludge 
bacteria into the EBPR process. This is a possible explanation for the peak in diversity seen on day 217 
following the heaviest rainfall event as seen in Figure A-8 of Supplementary Data. However, for this 
EBPR system an increase in total rainfall and therefore washing effect caused a decrease in diversity as 
seen in the negative correlation r=-0.35. From October to December, total rainfall averaged 3.4mm/day 
with diversity averaging 2.82; excluding these months total rainfall averaged 1.3mm/day with diversity 
averaging 5.5. Therefore, no distinct conclusion can be drawn on the effect of rainfall and it’s washing 
effect on EBPR microorganisms. 
As shown in Figure 5-3b and through correlation analysis there was no significant relationship found 
between diversity and specific PO4-P release/uptake (r=0.19 and r=0.26). In this system, a more diverse 
community does not equate to improved EBPR performance. Much of the literature suggests that 
increased diversity provides improved process stability and reduces risk of EBPR failure (Loy et al., 2002; 
Sustainable P Recovery from Waste  Chapter 5 
5-17 
Curtis et al., 2003; Mielczarek et al., 2013; Wagner & Loy 2002; Saikaly et al., 2005; Wilmes et al., 2008). 
It is thought that an increase in diversity may improve the chance of obtaining species with 
complementary physiological traits that can better handle changes to their environment (Saikaly & 
Oether, 2004). The results of this research may differ from others because of excess chemical dosing 
onsite. 
Figure 5-3c shows the undulating effect of Fe concentration on diversity, a weak positive correlation of 
r=0.25 was calculated between Fe concentration and diversity. To withstand the effects of FeCl2 solution 
dosing, diversity increased to select for bacteria better able to deal with these conditions. The fact that 
only Proteobacteria and Firmicutes correlated negatively with diversity is attributed to their 
synchronised relationship, as described previously. This relationship is underlined by the strong 
correlation r=0.60 between Lactobacillus and Ochrobactrum and their very strong negative correlations 
with diversity (r=-0.78 and r=-0.81, respectively). The heat map in Figure A-3 displays the opposite 
behaviour of Actinobacteria and Firmicutes, substituting from low-medium-high diversity, reinforcing 
the fact that these bacteria have similar functions and are interchangeable. 
Lactobacillus competes with other microorganisms due to their fast growth and tolerance to low pH, 
which may explain their presence at low diversities (Gois et al., 2013). However, as diversity increases 
Lactobacillus loses its ability to compete with a wide range of microorganisms and eventually withdraws, 
to be replaced by Ochrobactrum with which it has a strong positive correlational relationship. 
5.5.4 Low & high iron concentrations 
Much of the literature on chemical dosing and heavy metals in EBPR suggests that metals inhibit 
microorganism growth and diversity. De Gregorio et al. (2010) suggest that the addition of FeCl2 solution 
dosing creates stress conditions which reduces the number of organisms present and promotes the 
development of organisms more tolerant to chemical than others. Motlagh et al. (2015) state heavy 
metals can cause PAO infection and death through intra-cellular phage induction. However, viewing 
Figure 5-4 and Figure A-5 it is clear that the presence of Fe did not reduce organisms present; rather it 
appeared to increase organism counts, which does not support the hypothesis of this research. A 
positive correlation exists between Fe concentration and diversity (r=0.25), and Fe and genus count 
(r=0.44).  
According to Britton, (2011) some bacteria are acidophilic, deriving energy from oxidation of Fe2+ to Fe3+. 
A strong correlation of r=0.60 was measured between Bacteroidetes and Fe concentration. 
Bacteroidetes are very resistant versatile microorganisms which can degrade complex organic 
compounds and biopolymers (Wan et al., 2013; Naumoff & Dedysh, 2012). In terms of genera, 
Terrimonas measured the highest correlation with Fe concentration at r=0.60, but little is known of the 
environmental significance of Terrimonas (Zhang et al., 2011). Terrimonas are a strictly aerobic non-
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motile genus, dominant genus in aerobic, anoxic, and anaerobic sludge (Jin et al., 2013; Zhang et al., 
2015). Terrimonas pekingensis, the species of Terrimonas in these samples, grow between 10-37°C 
(optimum 30°C) and pH 5.0-8.0 (optimum pH 7.0) (Jin et al., 2013). Figure A-4 and Figure A-5 show 
Terrimonas has higher abundance at increased Fe concentrations and diversity, displaying it is a resilient 
and competitive genus. From this research Aestuariimicrobium and Dokdonella are also considered 
resistant to Fe, because they were present in all five highest Fe samples, as seen in Figure 5-4. 
Little is known of Aestuariimicrobium; indeed the only relevant information available is the species 
Aestuariimicrobium kwangyangens present in these samples. Aestuariimicrobium kwangyangens is 
aerobic, with growth occurring between 4-40°C (30°C optimum) and pH range 7.5-8.5 (Jung et al., 2007). 
Through this research the authors suggest Aestuariimicrobium is a resilient microorganism able to 
withstand high concentrations of Fe, a correlation of r=0.04 was measured showing Fe has little impact 
on Aestuariimicrobium. 
Much of the biological function of Dokdonella is still unknown; its ferrous-oxidising ability has yet to be 
proven (Wang et al., 2015). Dokdonella is strictly aerobic and heterotrophic and has been recovered 
from activated sludge in anaerobic/aerobic reactors (Liu et al., 2013). Dokdonella growth occurs 
between 16-37°C (optimum 25°C) and pH 5.0-8.5 (optimum between 6.5 and 7.0) (Liu et al., 2013). 
Similar to Aestuariimicrobium, this analysis shows Dokdonella are resistant to high concentrations of Fe 
dosing. Due to the higher correlation (r=0.25) between Fe concentration and Dokdonella, it is thought 
that Dokdonella may be more resistant to Fe than Aestuariimicrobium. A positive correlation of r=0.47 
between Dokdonella and diversity was found, suggesting this genus out-competes other genera present 
at higher diversities. 
5.5.5 Specific PO4-P release and specific PO4-P uptake 
Figure A-6 shows that Proteobacteria and Actinobacteria were present at both high and low EBPR 
performances. Proteobacteria were found extensively in samples because they include a wide variety of 
aerobic, anaerobic and facultative bacteria that can degrade organic contaminants and enable EBPR 
(Yang et al., 2015). Crocetti et al. (2002) propose γ-Proteobacteria predominate in failing EBPR systems, 
but viewing Figure A-9 in Supplementary data, shows γ-Proteobacteria were present across high and low 
EBPR performances. Indeed γ-Proteobacteria abundances are greatest (18-21%) in highest specific PO4-P 
release/uptake samples (Figure A-5). Bond et al. (1999) note a dominance of β-Proteobacteria in many 
activated sludges, despite EBPR performance, as seen in Figure A-9 also. 
Actinobacteria are cited as being involved in EBPR and have been found in high abundances (<29%) in 
full-scale WWTP, reaching 69% abundance in the current research (Lee et al. 2003; Lopez-Vazquez et al., 
2008). Due to the positive correlations of Proteobacteria and Actinobacteria with EBPR performance 
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both must play a major role in P removal. Bond et al. (1999) support the role of Proteobacteria and 
Actinobacteria in high-performance EBPR systems. 
Bacteroidetes, Firmicutes, Acidobacteria, and Actinobacteria were reported as major phyla in WWTP 
suggesting these play an important role in nutrient removal processes (Ma, et al., 2015). However, in 
this study Bacteroidetes and Firmicutes were absent from highly performing EBPR samples, showing 
they may not be as important as previously considered. High dominance of Chloroflexi was observed in 
EBPR sludge and found inside microbial flocs, but it was not shown if they play any role in EBPR 
(Bjornsson et al., 2002). A low prominence of Chloroflexi in samples shown in Figure A-6 suggests they 
do not play a major role in EBPR. 
According to Wilmes et al. (2008), coexisting functionally distinct strain variants may be important for 
community optimisation in EBPR systems. This statement may explain why the genus count of samples 
is high at good EBPR performance. Of these genera present at high EBPR performance Simplicispira, 
Tetrasphaera, and Micropruina showed strongest correlations with EBPR performance. 
Little information on the genus Simplicispira was available other than is was found to be dominant in 
anoxic and aerobic bioreactors (Alcantara et al., 2015). The Simplicispira species, Simplicispira limi was 
detected in these EBPR sludge samples. Simplicispira limi was first isolated from sludge performing EBPR 
in a laboratory-scale sequencing batch reactor (SBR) and grows between 10-40°C (optimum 30°C) (Lu et 
al., 2007). Due to the strong positive correlations of Simplicispira with specific PO4-P release/uptake 
(r=0.47 and r=0.49, respectively) it is suggested that this genus plays an important role in the 
performance of EBPR systems. Along with Simplicispira, Tetrasphaera measured strong correlations with 
specific PO4-P release/uptake (r=0.38 and r=0.51, respectively). 
Tetrasphaera are putative PAOs found in many biological WWTP systems at high abundances (Albertsen 
et al., 2012; Kristiansen et al., 2013; Lanham et al., 2013; Ayache et al., 2013). Tetrasphaera are 
physiologically versatile PAO which can denitrify, ferment and accumulate polyphosphate (Kristiansen et 
al., 2013). Tetrasphaera are involved in all EBPR stages and contribute to efficient nutrient removal and 
process stability (Kristiansen et al., 2013; Nguyen et al., 2011). Intracellular polyphosphate was observed 
in the Tetrasphaera species, Tetrasphaera elongata, showing they are involved in EBPR (Hanada et al., 
2002; Wang et al., 2009). Tetrasphaera are believed to play a key role in P removal at high abundances 
between 18% and 30% (Wang et al., 2014). Results of this research supports Wang et al.’s (2014) 
hypothesis because Tetrasphaera abundance ranged from 14-32% at highest EBPR performance and 
was present at the four highest EBPR performances. Wong et al. (2005), report that Tetrasphaera and 
Micropruina were not dominant populations in full-scale EBPR systems in Japan. This is true of this 
dataset, with Tetrasphaera being third most dominant (average abundance 10.4%) and Micropruina 
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being the least dominant genus (average abundance 0.9%). This analysis shows that the dominance of 
microorganisms does not affect its ability to perform EBPR.  
Micropruina were originally isolated in an EBPR sequencing batch reactor (SBR) fed with acetate and 
peptone by Kong et al. (2001) and were also found in an EBPR system by Ge et al. (2015). Micropruina 
growth occurs at 20-35°C (optimum 30°C) and at pH 6.0-8.0 (optimum 7.0) (Shintani et al., 2000). In this 
system, Micropruina showed weak correlation with specific PO4-P release (r=0.25), but stronger 
correlation with specific PO4-P uptake (r=0.45), indicating in which aspect of EBPR they play a larger role. 
Simplicispira, Tetrasphaera, and Micropruina measured positive correlations with each other ranging 
from r=0.06 to r=0.35. 
5.5.6 Iron concentrations and EBPR performance 
Interestingly, only eight out of a total twenty-eight genera showed negative correlation with Fe, while 
nineteen and eighteen genera displayed negative correlations with specific PO4-P release and specific 
PO4-P uptake, respectively. This suggests that only nine/ten genera in this sample were responsible for 
improving EBPR performance. Of these nine/ten genera responsible for EBPR Alkalispirillum, 
Dechloromonas, Micropruina, Ochrobactrum, Simplicispira, and Tetrasphaera measured the strongest 
positive correlations. 
Figure 5-7a and Figure 5-7b show clearly Tetrasphaera abundance increases as Fe decreases. 
Tetrasphaera is able to withstand acidic conditions and was found to have higher relative abundance at 
pH 4 than pH 10 (Yuan et al., 2015; Weissbrodt et al., 2013). This is supported by the strong negative 
correlation with pH in this research (r=-0.62). Tetrasphaera has a high metabolic versatility and can 
utilise glucose, it can be found in industrial wastewaters and septic tanks, suggesting Tetrasphaera is 
prolific and resistant to contaminants (Kristiansen et al., 2013; Muszynski et al., 2015). Tetrasphaera was 
present in twenty-two of thirty-two samples in total, showing that it is the most prolific genus and 
resistant to various levels of Fe dosing and EBPR performance. Ju et al. (2014) suggest that Tetrasphaera 
are present at higher abundances in winter months, but in this study correlations with temperature and 
rainfall were weak (r=-0.06 and r=-0.15, respectively). Tetrasphaera measured strong positive 
correlation with Aestuariimicrobium (r=0.51) and strong negative correlation with Lactobacillus (r=-
0.46).  
Figure 5-7a and Figure 5-7b display that Terrimonas has a positive correlation with Fe concentrations 
and negative correlation with EBPR performance. This is in contrast to Tetrasphaera, but similar to 
fifteen other genera detected. From forty-eight parameters measured in correlation analysis Terrimonas 
and Tetrasphaera displayed opposite behaviour in thirty-two parameters, i.e. showing positive 
correlations when the other was negative and vice versa. This opposite behaviour of the genera were 
observed in the following parameters: temperature, K, Mg, pH, total N, NH4, volatile solids, dry solids %, 
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uptake reaction rate, release reaction rate, and  total P. Terrimonas and Tetrasphaera each also showed 
strong and opposite correlations with Ca with r=0.53 and r=-0.52, respectively. Terrimonas was the 
dominant genus in aerobic, anoxic and anaerobic sludges (Zhang et al., 2015). Little is known of the 
environmental significance of Terrimonas (Zhang et al., 2011), but this analysis may help illuminate the 
behaviour of Terrimonas in EBPR. 
Ochrobactrum displayed its highest abundances at medium Fe and medium EBPR performance as shown 
in Figure 5-7c and Figure 5-7d. Ochrobactrum are obligately aerobic, their optimum growth temperature 
ranges from 20-37°C (Holt et al., 1994). Little information on Ochrobactrum could be found, therefore 
the results presented here hope to add to the knowledge of this genus. Ochrobactrum showed the 
strongest negative correlation with alkalinity (r=-0.52) than the other genera. A very strong negative 
correlation with diversity (r=-0.81) was measured showing that Ochrobactrum may outcompete with 
other genera in the EBPR system. Ochrobactrum measured negative correlations with every genera 
(twenty-eight in total) except Clostridium XI (r=0.25) and Lactobacillus (r=0.65). Ochrobactrum and 
Lactobacillus conveyed similar behaviours showing opposite correlations with only five parameters 
measured: Al, Ca, dry solids %, release reaction rate and specific PO4-P uptake. Overall, Ochrobactrum 
and Lactobacillus measured very similar correlation values differing most by 0.23 in Al and uptake 
reaction rate correlations. 
Dechloromonas in Figure 5-7c and Figure 5-7d showed opposite behaviour of Ochrobactrum, a weak 
correlation of r=-0.14 exists between the two genera. Dechloromonas are facultatively anaerobic 
bacteria and grow in a range of environments (optimum pH 7.2 and 30°C) and thus are environmentally 
dominant (Nor et al., 2011; Wolterink et al., 2005). Dechloromonas are not involved in P removal and no 
evidence of polyP accumulation was seen in samples taken after phosphate addition (Ahn et al., 2007). 
However, in this study Dechloromonas showed a moderate correlation with specific PO4-P 
release/uptake with r=0.34 and r=0.31. Dechloromonas abundance peaked on day 349 when it was the 
most abundant genus at 35.7%. Day 349 also marks the significant increase in microbial community 
diversity (Figure 3a). Dechloromonas showed strong positive correlations with Alkalispirillum (r=0.57) 
and Simplicispira (r=0.78). Dechloromonas and Simplicispira differed in correlation response in six of 
forty-eight parameters, namely, Dongia, Elioraea, Terrimonas, Fe concentration, dry solids %, and NH4. 
 
5.6 Conclusion 
Simultaneous chemical removal of P can support the EBPR process, but overdosing can have a 
deleterious effect on microorganisms responsible for biological P removal. Chemical removal of P 
reduces PO4-P available for PAO to replenish their intracellular poly-P pool, inhibiting the EBPR process. 
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The observed inverse relationship between chemical dosing and EBPR performance in this system, 
supports the hypothesis of this research. 
Proteobacteria and Actinobacteria measured positive correlations with specific PO4-P release and 
specific PO4-P uptake showing each plays a major role in EBPR. Bacteroidetes, Firmicutes, Acidobacteria, 
and Actinobacteria were reported as playing an important role in nutrient removal processes (Ma et al., 
2015). However, Bacteroidetes and Firmicutes were absent from highly performing EBPR samples in this 
study. During the sampling regime, Firmicutes and Actinobacteria appeared to substitute positions with 
each other due to these bacteria containing a family of proteins functionally equivalent to each other 
(Ravagnani et al., 2005).  
In terms of genera Simplicispira, Tetrasphaera, and Micropruina were present in highest performing 
specific PO4-P release and specific PO4-P uptake samples. Each of the genera measured strong 
correlations with specific PO4-P release and specific PO4-P uptake and therefore play an important role 
in EBPR. Micropruina measured weaker correlation with specific PO4-P release but stronger correlation 
with specific PO4-P uptake indicating in which aspect of EBPR they play a larger role. Tetrasphaera were 
the third most dominant genus across the sampling regime while Micropruina being the least dominant. 
This analysis shows that the dominance of microorganisms does not reflect its importance in the EBPR 
process. 
Most literature suggests that increased diversity provides improved process stability and reduces risk of 
EBPR failure. However, no strong relationship was found between diversity and specific PO4-P release 
and specific PO4-P uptake. A dramatic decrease in diversity was measured followed by a recovery of 
diversity and mutual improvement of EBPR performance. The recovery of diversity may be due to the 
mutation and adaptation of new dominant bacteria strains (Li & Jin, 2009). Lactobacilli were present at 
low diversities due to their ability to outcompete other microorganisms and their fast growth rates (Gois 
et al., 2013). However, as diversity increased Lactobacillus was replaced by Ochrobactrum with which it 
has a strong positive correlational relationship. A very strong negative correlation with diversity was 
measured showing that Ochrobactrum outcompetes genera in the EBPR system. Ochrobactrum 
measured negative correlations with every genera (twenty-eight in total) except Clostridium XI and 
Lactobacillus. 
Heavy metals can cause PAO infection and death through intra-cellular phage induction (Motlagh et al., 
2015). However, presence of Fe increased the diversity of microorganisms, which does not agree with 
the hypothesis of this research. A positive correlation was measured between Fe concentration and 
diversity, and Fe concentration and genus count. A strong positive correlation was measured between 
Bacteroidetes and Fe concentration due to the fact that Bacteroidetes are very resistant versatile 
microorganisms (Wan et al., 2013; Naumoff & Dedysh, 2012). In terms of genera, Terrimonas measured 
Sustainable P Recovery from Waste  Chapter 5 
5-23 
the highest correlation with Fe concentration, but little is known of the environmental significance of 
Terrimonas. Terrimonas measured high abundance at elevated Fe concentrations and diversity, 
displaying it is a resilient and competitive genus. Aestuariimicrobium and Dokdonella are also considered 
resistant to Fe, because they were present in all five highest Fe samples.  
Eight out of a total twenty-eight genera showed negative correlation with Fe, while nineteen and 
eighteen genera displayed negative correlations with specific PO4-P release and specific PO4-P uptake, 
respectively. This suggests that only nine/ten genera in this sample were responsible for improving EBPR 
performance. Tetrasphaera were present in twenty-two of thirty-two samples in total, showing that it is 
the most prolific genus and resistant to various levels of Fe dosing and EBPR performance. Terrimonas 
and Tetrasphaera displayed opposite behaviour in thirty-two parameters, i.e. showing positive 
correlations when the other was negative and vice versa. Little is known of the environmental 
significance of Terrimonas, but this analysis may help illuminate the behaviour of Terrimonas in EBPR. 
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Chapter 6: Evaluation of Local and National Effects of Recovering 
Phosphorus at Wastewater Treatment Plants: Lessons Learned from 
the UK1 
 
6.1 Abstract 
P recovery from wastewater treatment plants (WWTPs) as struvite fertiliser is a recognised method of 
improving P use efficiency and reducing P losses into the environment. The main driver for P recovery 
from the water industry viewpoint is the reduction in the nuisance of struvite clogging inside pumps and 
pipes. Struvite recovery leads to an average P recovery rate of 72±7% from centrifuge centrate, with 
8.8±0.7% total P and 20.5±3.2% PO4-P removed from the WWTP influent as struvite. This reduces the 
potential for struvite precipitation, moderates P loads on biological nutrient removal processes and 
lowers P concentration in the final effluent. Totalling revenue from sale of struvite and operational site 
savings, P recovery becomes an attractive option for water companies. The implementation of P 
recovery technologies to produce struvite fertiliser in all UK WWTPs could produce a national P fertiliser 
source of 7.05±2.01 kt P/year. In addition, sludge produced at WWTPs could be diverted to advanced 
energy recovery (AER) processes and P recovered from AER residues; up to 21.71±0.95 kt P/year could 
be recovered in this way in the UK. Combining the two methods of P recovery, UK imports of P fertiliser 
                                                          
1 This chapter has been published as an article in the journal ‘Resources, Conservation and Recycling’. DOI: 
10.1016/j.resconrec.2015.09.007 
Authors: Kleemann, R., Chenoweth, J., Clift, R., Morse, S., Pearce, P. and Saroj, D. 
Title: Evaluation of local and national effects of recovering phosphorus at wastewater treatment plants: lessons 
learned from the UK 
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6.1 Abstract
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could be reduced by 36.2±1.1%. P recovery on a large scale has the further benefit of protecting against 
eutrophication by reducing P emissions to water bodies by 21.7±1.9%. The protection of the 
environment and reduction in reliance on imported P are major national motivations to legislate P 
recovery from waste. 
Keywords: phosphorus recovery; phosphorus efficiency; struvite; wastewater treatment plants 
 
6.2 Introduction 
Phosphorus (P) is an essential nutrient for all living organisms, while phosphate rock is a non-renewable 
resource (Ashley et al., 2011). As the human population booms and dietary expectations change in the 
developing world, P fertiliser use will increase dramatically. The global P cycle is a “leaky” inefficient 
supply chain: P is lost through erosion, leaching, and crop and post-harvest distribution losses (Clift and 
Shaw, 2011). While phosphate production may be non-critical, the current reliance on mined phosphate 
rock is economically, environmentally, and socially unsustainable (Scholz et al., 2014). The scarcity of 
phosphate rock can be considered an economic issue (Scholz et al., 2014). In a report of critical raw 
materials, phosphate rock was ranked as 20th in an index of price volatility (Oakdene Hollins and 
Fraunhofer ISI, 2013). The volatility of P prices results from many factors, including “bubbles” in financial 
markets, imbalances of supply and demand, and geopolitical effects (Scholz et al., 2014).  
China, Morocco, and USA account for 70% of the world’s phosphate rock supply (INRA, 2014). Less than 
1% of phosphate rock supply in the EU arises from within the EU (Oakdene Hollins and Fraunhofer ISI, 
2013). Approximately 6 million tonnes of phosphate rock was imported to the EU from 2002 to 2012 
(INRA, 2014). However, this figure varies over time; for example in 2009 P imports declined to 4 million 
tonnes (European Commission, 2013; INRA, 2014). 
 
Figure 6-1: Phosphate fertiliser application rates (kg/ha) [data from DEFRA, (2014a)] 
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Since records began in 1983, application rates of phosphate fertiliser on crops and grassland in the UK 
have generally been in decline. A dip in application rates of 15kg phosphate/ha was experienced in 
2009, but application rates have plateaued since 2009 at 18kg/ha phosphate (Figure 6-1) (DEFRA, 2014). 
There is a constant need for phosphate fertiliser, despite occasional decreases resulting from high 
phosphate rock prices. Fertiliser P imports accounted for 56% of total UK P imports in 2009; a total of 
138kt P was imported through detergents, crops, animal feed, animal products, processed food, 
industrial applications and P dosing in water treatment (Cooper and Carliell-Marquet, 2012). 
Approximately 25% of the P in wastewater arises from detergents, but this declined due to the 
reduction of phosphates in most laundry detergents (Richards et al., 2015). 
P recovery from waste streams can help alleviate reliance on imported P and reduce vulnerability to 
fluctuating prices. Globally, P in digested food amounts to 3.6 Mt P/year (Scholz and Wellmer, 2015). 
Much of this digested P is discharged to wastewater treatment plants (WWTPs), making them ideal 
point sources for P recovery (Cooper and Carliell-Marquet, 2012; Maaß et al., 2014; Mo and Zhang, 
2013). 
P in wastewaters is primarily generated from human sources, cleaning products and industry 
(Environment Agency, 2012). Human excretions contribute at least 75% of the P entering WWTPs, 
providing a perpetual source of P even if P were removed entirely from detergents (Scholz et al., 2014). 
Since the implementation of the EC Urban Waste Water Treatment Directive (UWWTD) 97/271, many 
European WWTPs must meet P and/or N discharge consents. Due to these stringent targets, biological 
and chemical processes have been developed to remove nutrients from wastewater (Doyle and Parsons, 
2002). 
The biological nutrient removal (BNR) system has become an established technology in WWTPs to 
remove P and control eutrophication (Hu et al., 2012). As a result of removing nutrients from 
wastewater, waste sludge contains greater concentrations of P, N, and Mg (Doyle and Parsons, 2002). 
When found in combination, these elements can result in the formation of struvite deposits primarily in 
WWTPs operating BNR (Doyle and Parsons, 2002). Struvite is a white crystalline substance composed of 
Mg, NH4, and PO4 in equi-molar concentrations and forms by the reaction in Equation 6-1 (Doyle and 
Parsons, 2002). 
Equation 6-1: Mg2+ + NH+4 + PO43- + 6H2O  MgNH4PO4.6(H2O) 
Currently, struvite is seen as a nuisance in BNR WWTPs because it forms a hard deposit inside pipes, 
pumps, and centrifuges. Struvite formation reduces internal pipe diameters and increases the energy 
required to pump sludge through the network, while removing deposits significantly increases 
maintenance effort and hence cost (Doyle and Parsons, 2002). One such site affected by nuisance 
struvite formation is Slough WWTP - owned and operated by Thames Water; a privatised water utility 
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based in the South of England. Originally, Slough WWTP treated wastewater by a BNR process with 
wasted activated sludge being anaerobically digested (Jaffer and Pearce, 2004). Anaerobic digestion of 
BNR sludge releases high concentrations of Mg and PO4-P; coupled with high concentrations of NH4 in 
wastewater, this results in struvite formation (Jaffer et al., 2002). This became a problem at Slough 
WWTP within six months of BNR plant commissioning: the pipeline between the digested sludge holding 
tank and centrifuge became restricted to such an extent that it was no longer possible to transfer sludge 
to the centrifuge for dewatering (Jaffer et al., 2002). To suppress soluble PO4-P release, FeCl2 was 
injected immediately prior to the aeration phase of BNR process to reduce nuisance struvite formation, 
aid compliance with regulatory discharge consents and to suppress on-site odours. Fe ions in solution 
react with soluble PO4-P producing insoluble metal phosphates which precipitate into the sludge, 
thereby reducing struvite formation in the digester (Crutchik and Garrido, 2012; De-Bashan and Bashan, 
2004). Due to the problems caused by BNR, WWTPs frequently become reliant on chemical P removal as 
a simple and reliable method of P removal with struvite suppression, despite its cost. 
Rather than Fe dosing, a more expedient method to reduce struvite formation in BNR WWTPs is to 
recover P as struvite fertiliser. This reduces the quantities of P recycled through the WWTP, diminishing 
the potential for struvite to clog pumps and pipes (Jeanmaire and Evans, 2001). Struvite is an effective 
slow-release P, N, and Mg fertiliser; P and N are primary nutrients for plants while Mg is an important 
secondary nutrient (Tucker, 1999). Using slow release fertilisers improves the efficiency of P use in 
agriculture (De-Bashan and Bashan, 2004). Due to the uncertainty over the future of P and P fertilisers, 
increasing P efficiency is a requirement (Scholz et al., 2014). 
While the chemistry of struvite precipitation is well known, there is little published information 
describing the impacts of full scale P recovery on BNR WWTPs and indeed the potential impact of P 
recovery via struvite on the national P budget. This paper addresses both these gaps, starting from the 
local effects of P recovery using the Ostara Nutrient Recovery system at Slough WWTP. This is achieved 
by presenting two mass balances showing different scenarios: scenario one in which no P recovery 
occurs (business as usual), and scenario two in which an average P recovery of 72±7% is achieved. 
Operational and financial benefits of P recovery are described. The subsequent effects of P recovery on 
the national UK P budget are then discussed. 
 
6.3 Materials and methods 
6.3.1 Slough WWTP study area 
Slough WWTP serves a population equivalent (PE) of 238,000, a significant proportion of this PE being 
food and confectionary producers located in the area. Slough WWTP accepts up to 10 tonnes of 
imported sludge per day from smaller satellite WWTPs. Slough WWTP is similar to many other BNR sites 
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across the UK and Europe that have problems of struvite precipitation which could be resolved by 
recovering P. A process flow diagram detailing data for the Slough WWTP is presented in Figure 6-2 and 
Table B-1 Supplementary Data, Appendix B. When the P recovery system is not operational, centrifuge 
centrate (Flow P) joins Flow S directly. When operating, centrate (Flow P) enters the P recovery system, 
where it is separated into struvite fertiliser (Flow Q) and effluent from P recovery (Flow R). 
 
 
Figure 6-2: a) Process flow diagram of Slough WWTP. Letters refer to flows detailed in Table B-1 Supplementary data; b) 
Biological nutrient removal (EBPR) process configuration showing point of FeCl2 solution dosing 
6.3.2 Sample collection and mass balance calculations  
Slough WWTP was sampled for approximately 18 months prior to the installation of the Ostara Nutrient 
Recovery system to provide baseline data to create a mass balance of the WWTP without P recovery. To 
obtain the data, 24 hour composite samples were taken using auto-samplers at three sampling points 
(crude sewage Flow B, settled sewage Flow C, and final effluent Flow H - see Figure 6-2), supplemented 
FeCl2 solution 
dosing 
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by ‘grab’ samples at other points. Samples were sent to UKAS 17025 accredited Thames Water 
Laboratories for analysis of total phosphorus (total P), phosphate (PO4-P), and suspended solids (SS). 
Total P measures all forms of P, i.e. dissolved and particulate, whereas PO4-P measures the filterable, 
soluble P fraction, i.e. the form taken up directly by plants cells (Murphy, 2007). The reporting of both 
total P and soluble PO4-P is important as PO4-P is bioavailable for recovery using the Ostara Nutrient 
recovery system. Recovery rates of such technologies refer to PO4-P recovery rather than total P. Due to 
the complex chemistry of P and its interactions with other elements found in WWTPs, particularly Ca 
and Fe, PO4-P and total P are distinct and independent. Averages and standard deviations for each 
parameter at each sampling point were calculated. Equations 6-2 and 6-3 were used to calculate total P 
and (PO4-P) in kg/day as depicted in the mass balances, where Mn  is mass flow in kg/day, Qn  is volume 
flow in m3/day and Cn  is concentration in mg/l. 
Equation 6-2: Liquid streams: Mn = (Cn×Qn)/1000, where Cn = mg/l 
Equation 6-3: Sludge streams: Mn = Cn × Qn × 10, where Cn = % 
Mass flows were calculated across each unit process using equations 4, 5, and 6. Mass balances for each 
unit process were calculated separately (see Figure 6-3), before combining unit processes to create a full 
WWTP mass balance. The mass balance for scenario one (no P recovery) was calculated using this 
method; that for scenario two (P recovery) was based upon scenario one calculations with the inclusion 
of the P recovery system and associated changes in flows. Crude sewage influent and imported sludge 
characteristics were assumed to remain constant between the scenarios. Mass balances were calculated 
using Excel; values arising from Excel calculations were input to STAN 2.5 (subSTance flow ANalysis 
software version 2.5.1103) to create Sankey diagrams depicting mass flows. 
 
Figure 6-3: Mass calculations; M1–crude influent, M2–primary sludge, M3–primary settlement tank effluent 
Equation 6-4: M1 = M2 + M3 
Equation 6-5: Mn = Qn × Cn 
Equation 6-6: [Q1 × C1] = [Q2 × C2] + [Q3 × C3] 
In scenario one, centrate is recycled directly back to the head of the WWTP at Flow R. In scenario two, 
total P and PO4-P concentrations in centrate (Flow P) are reduced by P recovery (Flow Q) before 
centrate is returned to the head of works (Flow R). The Ostara nutrient recovery system is designed to 
Primary 
Settlement 
Tank 
M1 
M2 
M3 
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recover struvite from influent PO4-P concentrations >100mg/l. The scenario two mass balance was 
calculated using PO4-P concentrations >100mg/l and corresponding total P concentrations. Struvite 
recovery averaged 71.6±7.4% at PO4-P concentrations >100mg/l. Table 1 displays influent (Flow P) and 
effluent (Flow R) P concentrations as measured at the P recovery system.  These concentrations were 
input into the models to calculate total P and PO4-P flows. 
Table 6-1: Influent (Flow P) and effluent (Flow R) characteristics of P recovery system 
 Scenario One: No P recovery Scenario Two: P Recovery 
72±7% Average 
 Total P (mg/l) PO4-P (mg/l) Total P (mg/l) PO4-P (mg/l) 
Influent to P recovery system (Flow P) 103.02±53.16 78.94±30.44 129.8±22.5 124.8±20.57 
Effluent from P recovery system (Flow R) n/a n/a 58.28±28.21 35.52±12.01 
 
6.3.3 UK substance flow analysis model 
The Substance Flow Analysis (SFA) models presented in this research focus on flows entering and exiting 
UK WWTPs. The SFA model of Cooper and Carliell-Marquet (2012) was used to produce scenarios 
depicting effects of P recovery at WWTPs on UK P flows. Their SFA was based on flows of P through the 
UK in 2009; hence each scenario investigated in this paper is based on this year. Flows from Cooper and 
Carliell-Marquet’s SFA were calculated as a percentage of previous flows and input into the Excel 
models. Using this method, changes to individual flows cascade throughout the SFA model equations, 
resulting in a recalculated model. Five different P recovery scenarios are presented, with degrees of 
recovery varying from none to “best case scenario”. Imports of food, feed and non-food commodities 
were assumed to remain constant across the scenarios. It was also assumed that total fertiliser applied 
to agricultural land remains constant at 72.0 kt P/year. Table B-2 in Supplementary Data, Appendix B 
details the effects across all flows and stocks. 
 
6.4 Results and discussion 
6.4.1 Necessity for P recovery in Slough WWTP 
Figures 6-4 and 6-5 depict P movement and accumulation in the WWTP network when the P recovery 
system is not operating (scenario one). Mass balances in Figures 6-4 and 6-5 show that 23.2±4.5% of the 
total P and 24.2±7.5% of the PO4-P entering the head of the works (Flow B - refer to Figure 6-2) was due 
to P in the return stream comprising dewatering liquors from three sludge treatment processes (Flow S). 
These estimates are compatible with those of Jaffer et al. (2002), who quote 26% of the total P as 
recycle streams, and Evans (2009) who reports that sludge dewatering liquors contribute 20% to influent 
total P. Accumulated P is recycled in the WWTP requiring retreatment and removal along with the 
Sustainable P Recovery from Waste  Chapter 6 
6-8 
influent P. The accumulated excess P, and more specifically PO4-P, exacerbates struvite formation in 
pumps and pipes. Figures 6-4 and 6-5 indicate that 42.1±11.8% total P and 78.6±1.6% PO4-P in the 
return stream (Flow S) originates from centrate liquors (Flow R). Due to the high proportion of centrate 
in return liquors, the centrate stream is recognised as an ideal point for P recovery to reduce struvite 
precipitation in WWTPs (Jaffer and Pearce, 2004). 
 
Figure 6-4: Total P mass balance – Scenario one [All units kg/day] 
 
 
Figure 6-5: PO4-P mass balance – Scenario one [All units kg/day] 
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6.4.2 Effect of 72±2% P recovery in Slough WWTP 
Scenario 2 (Figures 6-6 and 6-7) depicts the reduction in total P and PO4-P achieved by producing 
struvite fertiliser from centrifuge centrate in Slough WWTP. Table 6-2 details for comparison the 
changes achieved in selected flows as a result of P recovery. Operating the P recovery system at average 
71.6±7.4% recovery transfers 8.8±0.7% of the total P and 20.5±3.2% of the PO4-P from the influent (Flow 
A) to the struvite fertiliser product. Removal of total P and PO4-P as struvite reduces the flow of P in the 
centrate component (Flow R) of the recycle stream (Flow S) by 56.9±2.5% total P and 45.5±2.1% PO4-P. 
As a result, the contribution of the recycle stream (Flow S) to Flow B reduces from 23.2±4.5% to 
19.2±2.6% total P and from 24.2±7.5% to 19.5±4.3% PO4-P. Thus P recycling reduces the P load across 
each process as seen in Figures 6-6 and 6-7, reducing the potential for struvite precipitation. A decrease 
in P load to the BNR process is also achieved, with total P reduced by 4.9±2.6% and PO4-P by 23.7±1.7%. 
This reduction in P load increases the BOD5/P ratio; providing the BNR process with additional buffer 
capacity to remove P biologically and meet final effluent discharge consents (Jeanmaire and Evans, 
2001). Final effluent (Flow H) total P is reduced by 3.7±3.3% with PO4-P reduced by 23.5±2.6%. 
 
Figure 6-6: Total P mass balance – Scenario two [All units kg/day] 
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Figure 6-7: PO4-P mass balance – Scenario two [All units kg/day] 
 
Table 6-2: Effect of P recovery on percentage contributions to WWTP Flows 
  Scenario One: No P 
recovery 
Scenario Two: P Recovery 
72±7% Average 
  Total P PO4-P Total P PO4-P 
Contribution of recycle stream to Flow B 23.2±4.5% 24.2±7.5% 19.2±2.6% 19.5±4.3% 
Centrate liquor (Flow R) contribution to recycle stream 
(Flow S) 
42.1±11.8% 78.6±1.6% 30.4±9.7% 47.2±3.6% 
P removed from influent (Flow A) into struvite fertiliser n/a n/a 8.8±0.7% 20.5±3.2% 
On one occasion during operation with P recovery, 87% recovery was achieved in Slough WWTP. On this 
day, influent concentrations to the P recovery system were 127.2 mg/l total P and 118.2 mg/l PO4-P, 
while effluent concentrations were 32.5 mg/l total P and 15.3 mg/l PO4-P. At 87% recovery, 11.6±1.4% 
total P and 19.6±1.6% PO4-P was removed from WWTP influent into struvite fertiliser. Reducing FeCl2 
solution dosing increased P concentrations onsite with total P and PO4-P exceeding 200mg/l and 
190mg/l, respectively. Had P recovery been possible with these concentrations on this date, 90% P 
recovery would have been achieved, corresponding to recovery of approximately 20% total P and 45% 
PO4-P as struvite. Each of the benefits described in the previous paragraph would be amplified, 
increasing the attractiveness of P recovery in WWTPs. 
At maximum P recovery of 90%, 0.5 tonnes of struvite fertiliser can be produced per day. Over one year 
this equates to 185 tonnes of struvite fertiliser. At an indicative price of £100/tonne, this leads to 
Sustainable P Recovery from Waste  Chapter 6 
6-11 
revenue of approximately £20K/year. Maaβ et al., (2014) reported struvite sales amounting to 4% of 
total benefits achieved by P recovery, equating to approximately €40K/year. However, the research was 
conducted on a much larger WWTP with PE of 1.2 million. This revenue stream combined with other site 
specific savings provides substantial drivers for P recovery from WWTPs. 
6.4.3 Cost savings associated with P Recovery 
Figure 6-8 summarises the costs, savings and revenue associated with P recovery, as subsequently 
described. For P recovery to operate more efficiently, injection of FeCl2 solution was gradually 
decreased. In 2012, 1352 tonnes FeCl2 solution was injected; at £58/tonne FeCl2 solution, this represents 
a cost of £78K. Since 2012, chemical dosing has reduced steadily with 1006 tonnes FeCl2 solution used in 
2013, 440 tonnes in 2014 and an estimate of 330 tonnes to be used in 2015. Compared to 2012, over 
£59K has been saved on chemical dosing in 2015. According to Thames Water Asset Standards (2013), 
1mg/l Fe is required to reduce odours, corresponding to 616 kg FeCl2 solution/day (225 tonnes FeCl2 
solution/year). If this represents the minimum possible injection rate, FeCl2 solution dosing can be 
reduced by a further 105 tonnes, corresponding to additional savings of £6K. The total potential savings 
on chemical dosing compared to 2012 amount to £65K. 
 
Figure 6-8: Costs, savings and revenue associated with P recovery 
Reducing FeCl2 dosing to the minimum of 1mg/l required for odour removal also results in a reduction of 
16.5% in sludge cake production, based on calculated mass balances. On average, 3966 tonnes of sludge 
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cake are produced each year at Slough WWTP. For each tonne of sludge cake produced, water 
companies must pay £20.50/tonne for loading, hauling, stockpiling, and spreading of sludge to 
agricultural land. A reduction of 16.5% would reduce sludge handling costs by over £13K. 
P recovery itself results in further reductions in sludge cake mass (Maaß et al., 2014). The water content 
of the sludge matrix is decreased as the dewatering characteristics of sludge are improved (Maaß et al., 
2014). P removal as struvite reduces sludge mass by approximately 178.85 tonnes/year at Slough 
WWTP, representing cost savings of £3.6K. 
Along with savings quantified in this research, recovery of P as struvite can lead to other chemical and 
maintenance savings. Savings at Slough WWTP include polymer costs of ~£10.6K, centrifuge anti-scaling 
chemicals ~£10.5K, and operating expenses for pump and pipe rehabilitation of ~£10K. Unquantified 
savings include reduced operator labour/maintenance costs required to remove struvite from clogged 
pumps and pipework and energy savings achieved as a result of unclogged pumps and pipes. Total cost 
savings at Slough WWTP amount to approximately £113K. The savings are much larger than the £20K 
revenue from sale of struvite fertiliser, but together they represent a significant driver for P recovery. 
Maaß et al. (2014) report that reduced use of flocculating agents contributed 51% (i.e. €500K) of the 
benefits achieved by recovering P from their research WWTP. For comparison, reduction of FeCl2 
solution dosing provides 57.7% of the total savings at Slough WWTP.  
Thames Water must pay for electricity utilised by the Ostara P recovery system to produce struvite, 
estimated at £24K for 2015. MgCl chemical costs are covered by Ostara but Thames Water pay for other 
chemicals, e.g. NaOH and CO2 for pH correction, amounting to £12K expected costs for 2015. Annual 
maintenance costs for the Ostara system amount to approximately £54K.  In total, the gains to be made 
from P recovery aggregate to £133K pa (savings + revenue) while the costs amount to approximately 
£90K, but this comparison does not allow for the unquantified electricity and maintenance costs 
resulting from nuisance struvite precipitation.  
6.4.4 Reduction in sludge cake total P 
Sewage sludge production is increasing in the UK due to increased population, sewerage connections 
and enhanced treatment (Charlton et al., 2012). Therefore more agricultural land must be found on 
which to apply sludge cake. P-vulnerable zones are becoming more prevalent due to historical P 
contained in the land bank, limiting the land on which sludge cake can be applied (Jeanmaire and Evans, 
2001). England and Wales have no legislation as yet concerning P application to land; the only regulation 
affecting this is indirect, arising from N restrictions under the Nitrates Directive. When sludge 
application is limited by N, excess of P in soils can become an issue (Amery and Schoumans, 2014). 
Agriculture is estimated to be responsible for 30-50% of the P pollution contributing to environmental 
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and water quality problems (Kay et al., 2012). In 2013 there was a P surplus of 7.2 kg/ha on managed 
agricultural land in the UK, an increase of 3% compared to 2012 (DEFRA, 2014).  
Surplus P in agricultural land can be more effectively managed by removing P from WWTPs as struvite 
fertiliser. P recovery from centrifuge centrate causes a reduction in the P content of sludge cake 
destined for agricultural land: recovery of 71.6±7.4% reduces the total P content from 1.17±0.05% to 
1.07±0.01% (as percentage of dry solids). With continued P recovery, the P content of the sludge is 
expected to decrease further, increasing the available land to which sludge cake can be safely applied. 
Struvite fertiliser can be applied to land as a more efficient source of slow release P for agriculture. Slow 
release fertilisers have low leach rates, slowly releasing nutrients during the growing seasons, a distinct 
advantage over current practices in applying sludge cake-to-land (De-Bashan and Bashan, 2004). 
6.4.5 National potential for P recovery 
Like the food production system in the EU as a whole, food production in the UK is heavily reliant on 
imported P and vulnerable to fluctuating phosphate rock prices. In 2009, the UK imported a total of 138 
kt P and exported 23.5 kt, a net import of 114.5 kt P (Cooper and Carliell-Marquet, 2012). One method 
to reduce reliance on imported P fertiliser is to produce fertiliser from waste resources within countries 
with sufficient infrastructure to do so. In the UK, 96% of the population is connected to sewerage 
systems, which collect over 11 billion litres/year of wastewater from homes, municipal, commercial, and 
industrial sources (DEFRA, 2012). Globally, wastewater contains 0.5–1.2 kg P/person/year depending on 
regional diets (Schroeder et al., 2009). The current population of the UK is approximately 64.1 million 
people; UK WWTPs accept between 32.05 and 76.92 kt P/year, representing a significant potential 
source of P to offset imports. 
6.4.6 National effects of P recovery from WWTP 
Figure 6-9 shows an adapted version of Cooper and Carliell-Marquet’s (2012) SFA model of P flows in 
the UK, based on data from 2009. According to their analysis, WWTPs in the UK received a total of 55 kt 
P. The majority of this P flowed to water bodies through WWTP effluent discharge, while a significant 
amount accrued in agricultural land through sewage sludge application to land. Another proportion of P 
was either directly landfilled or incinerated followed by landfilling, where it accumulated, assuming no P 
leaching from this stock. A smaller proportion of P within sewage sludge was spread to non-agricultural 
land for land reclamation, industrial crops and composting. There is great potential within each of these 
waste streams to recover P for further use. Other than sludge application to land, there is no P recycling 
for fertiliser use in the UK. 
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Figure 6-9: SFA of P flows in the UK from Cooper and Carliell-Marquet, (2012) [All units kt P/year] 
Using the Ostara P recovery technology under review, it is possible to transfer 9±1% of the total P 
entering WWTPs into struvite fertiliser product (see Table 6-2). Of the  WWTPs in the UK, 24 use BNR 
and BNR supported by iron dosing for P removal, representing a PE of over 4.8 million (Cooper, 2014). In 
the UK, 1 PE emits approximately 2.5g P/day, so that about 4.4kt P/year flow into the WWTPs that use 
BNR and iron supported BNR (OSPAR, 2004). This P can be recovered from sludge dewatering liquors 
using nutrient recovery technologies such as Ostara or Phospaq, both currently operating in the UK and 
achieving 9±1% recovery, resulting in a total of 0.4±0.1kt/year recoverable P. To increase this value, it 
will be necessary to develop methods of P recovery from chemically dosed WWTP, not just those using 
BNR.  
In section 6.2.4.2, it was concluded that 9-20% total P recovery could be achieved in WWTPs using 
current technologies. It is reasonable to assume that new technologies under development would be 
capable of achieving comparable recoveries. Wilfert et al. (2015) suggest that it may be possible to 
induce formation of specific Fe/P compounds from which P is easily extractable. Assuming it is possible 
to recover 15±5% influent total P at all WWTPs using suitable technologies, 7.05±2.01 kt P/year could be 
recovered, providing a national source of P fertiliser in the UK, reducing P fertiliser imports by 9.1±2.6% 
from the 2009 figure of 77.5 kt (see Figure 6-10). Comparing Figures 6-9 and 6-10, P recovery from 
WWTP influent markedly reduces P losses to landfill, compost/other disposal, and water bodies. P flows 
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into water bodies would reduce by 9.5±2.7%, primarily due to the reduction in final effluent total P 
concentrations. Agricultural land’s stock of P would be reduced by 3.0±0.9% (Figure 6-10) due to 
reduced P in sewage sludge. This reduces P contained in the land bank, allowing more sludge cake to be 
applied to land, reducing sludge disposal issues faced by wastewater companies. P recovery from WWTP 
sludge dewatering liquors represents a small yet meaningful source of fertiliser in the UK of 7.05±2.01 kt 
P/year. However, Figure 6-10 shows other streams (sewage sludge to agriculture, and sewage sludge to 
incineration/landfill) from which P could be recovered with greater impact on P efficiency and losses, as 
subsequently described. 
 
Figure 6-10: SFA of P flows in the UK with 15±5% P recovery from WWTP [All units kt P/year] 
6.4.7 National effects of P recovery from WWTP and ISSA 
In addition to sludge dewatering liquors, P can be recovered from sludge from wastewater treatment. In 
2009, sludge containing 5.5 kt P was sent to incineration/landfill as shown in Figure 6-9 (Cooper and 
Carliell-Marquet, 2012). This P was either lost to landfill or leached into water bodies, worsening 
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eutrophication. Maaß et al. (2014) recognise the advantages in combining P recovery from WWTP and 
thermal treatment of sludge by incineration, pyrolysis or gasification, together referred to as Advanced 
Energy Recovery (AER) and enabling higher P yields than recovery as struvite. While processes to 
recover P from incinerated sewage sludge ash (ISSA) are chemically and energetically intensive, recovery 
from this source exerts the greatest impact on the national P budget (Figure 6-11). Rising P prices make 
recovery from AER residues economically attractive. Recovery of P from ISSA is particularly attractive 
with potentially greater P recovery and efficiency of use compared to spreading on land (see below), 
economies of scale due to centralised recovery and destruction of unwanted compounds during thermal 
treatment (Wilfert et al., 2015). 
 
Figure 6-11: SFA of P flows in the UK with 15±5% P recovery from WWTP and 90% P recovery from ISSA [All units kt P/year] 
It is possible to recover up to 90% of the P in ISSA (Cleaner Production Germany, 2015). Following the 
assumption that 15±5% of the total P entering all WWTP can be recovered using suitable technologies 
(see Section 6.2.4.6), P losses to landfill would be reduced by 32.1±0.6%, to 4.70±0.23 kt/year (Figure 
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6-11). Recovering 90% P from ISSA corresponds to a further recovery of 4.23±0.21 kt P/year. Together 
with P recovered from wastewaters (Section 6.2.4.6), a national source of P fertiliser of 11.28±1.81 kt 
P/year would be created, reducing P fertiliser imports by 14.6±2.3% compared to 2009. Further effects 
of P recovery from WWTP and ISSA are available in Table B-2, Supplementary Data, Appendix B. 
 
Figure 6-12: SFA of P Flows in the UK with 15±5% P recovery from WWTP and 90% P recovery from ISSA and composted 
sludge [All units kt P/year] 
According to the SFA model (Figure 6-9), 9.5 kt P was lost to compost/disposal in 2009 but this delayed 
loss can be recovered, turning it into a future gain (Scholz and Wellmer, 2015). It may be possible to 
combine this stream with sludge destined for incineration. Diverting sludge from disposal to AER 
increases potential P capture, as shown in Figure 6-12, increasing the P entering AER to 7.64±0.37 
kt/year. At 90% P recovery from incinerated sludge, 6.89±0.34 kt P would be recovered. Together with P 
recovered at WWTPs, this represents a national P fertiliser source of 13.89±1.67 kt/year, reducing 
imports of P fertiliser by 17.9±2.2% relative to 2009. 
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The second largest P flow from WWTPs is the sludge currently spread on agricultural land.  Sludge 
spreading is regarded as an environmentally unfavourable disposal option (Lundin et al., 2004). It is an 
inefficient way to recycle P, with nearly 50% of the P lost from the land to water bodies; a pure high 
grade P fertiliser is therefore preferred over complex and variable sludge (Wilfert et al., 2015). Energy is 
required to transport and spread sludge to land, whereas AER of sludge produces energy (Lundin et al., 
2004). Sludge spreading on land releases acidifying substances and heavy metals which accumulate in 
soils (Lundin et al., 2004). Spreading to land is cheaper than AER but represents a cost whereas 
producing P-rich fertiliser from AER wastes represents a potential revenue stream. A more beneficial 
long term solution to achieving a closed loop P system is therefore to extract P from sludge (Bateman et 
al., 2011). While precipitation of struvite from sludge is possible, a convenient and potentially 
economically viable method is to process sludge using AER technologies onsite and transport residues to 
a central facility for P recovery. Assuming all sewage sludge undergoes AER processing, the total P 
recovered from sewage sludge ash for use as fertiliser would be 21.71±0.95 kt P/year (Figure 6-13). 
Combining this with the other potential sources of recovered P would provide a national P fertiliser 
source of 28.04±0.89 kt P/year, reducing P fertiliser imports by 36.2±1.1% relative to 2009. Diverting 
sewage sludge from application to agricultural land to AER with P recovery would reduce flows of P to 
water bodies by 21.7±1.9% (Figure 6-13). The majority of P stock remaining in agricultural land comes 
from animal manure and direct fertiliser application, as can be seen in the original figure presented by 
Cooper and Carliell-Marquet (2012). Details of the effects of P recovery on the national P budget are 
available in Table B-2, Supplementary Data, Appendix B. 
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Figure 6-13: SFA of P Flows in the UK with 15±5% P recovery from WWTP and 90% P recovery from ISSA and composted 
sludge and sludge to agricultural land [All units kt P/year] 
Figure 6-14 summarises the potential to produce P rich fertiliser from WWTPs and the associated waste 
streams. Based on data for 2009, as much as 28.04±0.89 kt P fertiliser can be produced in the UK, 
meeting 36.2±1.1% of the P fertiliser demand in the UK. However, the amount of sludge produced varies 
year to year. According to DEFRA (2012), in 2010 1.4 million tonnes of sewage sludge were produced in 
the UK. Incineration of sewage sludge reduces its mass by up to 90%; leaving 140,000 tonnes of ISSA 
containing 8.2–14.3% P (Thygesen and Johnsen, 2010), so that between 11.5 and 20 kt P could have 
been recovered from sewage sludge in 2010. Added to P potentially recoverable from WWTPs, this 
represents a potential production of 16.4–29.1 kt of P as fertiliser. UK population is projected to 
increase to 73.2 million by 2035, leading to a corresponding increase in P entering WWTPs and sewage 
sludge production (Office for National Statistics, 2011). As wastewater treatment processes improve, 
greater amounts of sewage sludge containing P will be produced. Thus wastewater presents a 
continuing source of P in point sources ideal for recovery. Assuming ISSA in landfills can be located, it 
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may be possible to mine landfilled ISSA for untapped P resources, reducing future P emissions and 
boosting P fertiliser availability further. Reducing UK demand renders P more available to countries 
which do not yet have sufficient infrastructure to recover P from waste. Reducing imports of P fertiliser 
may reduce carbon footprint and P distribution losses associated with importing P from outside the EU. 
Life Cycle Analysis (LCA) analysis showed struvite precipitation from dewatering liquors resulted in net 
environmental benefit across a full range of environmental impacts: eutrophication, global warming, 
human toxicity, terrestrial ecotoxicity and depletion of fossil fuels and other abiotic resources (Bradford-
Hartke et al., 2015). 
 
Figure 6-14: Potential P fertiliser recovery from WWTP and associated waste streams 
6.4.8 Potential savings from recovering P 
At current volatile prices, recovering P from wastes can potentially offer savings to UK agriculture by 
reducing the costs of imports and transportation. In August 2015, triplesuperphosphate (TSP) cost 
£256.30/tonne while diammonium phosphate (DAP) cost £293.77/tonne (Indexmundi, 2015). Struvite 
fertiliser contains approximately 12.62% P, along with N and Mg. Assuming 28.04±0.89 kt of P was 
recovered and transformed into struvite, it is possible to produce 222.54±7.6 kt struvite fertiliser per 
year; at £100 per tonne, this represents potential struvite sales of £22.3±7.6 million. At the current 
market price, replacing imported TSP or DAP with nationally produced struvite fertiliser would reduce 
fertiliser costs by £45-54 million per year in the UK. This would also create a new market for recovered P 
fertiliser in the UK. The market power currently exerted through the concentration of P resources would 
be lessened with the production of P locally and would provide a buffer against price volatility (Seyhan 
et al., 2012). 
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6.4.9 Achieving P recovery 
Recovering P from WWTP dewatering liquors is beneficial for the operation of the WWTP and is 
economically feasible. However, not all WWTPs are suitable for the current P technologies, which can be 
deployed only at WWTPs with BNR. To achieve greater P recovery, technologies suitable for chemically 
dosed WWTPs must be developed. This would enable P recovery in 452 WWTPs, compared to the 24 
BNR WWTPs in the UK which can deploy current P recovery technologies (Cooper, 2014). Increasing 
understanding of Fe and P interactions is required to improve and develop P recovery technologies. It 
may be possible to encourage the precipitation of a specific Fe/P complex from which P is easily 
extracted (Wilfert et al., 2015). Water companies will only invest in P recovery technologies if they are 
economically feasible, provide operational savings and/or a revenue stream or are regulated to recover 
P. Therefore, along with technologies to recover P, case studies are needed to reveal the benefits and 
dis-benefits of P recovery for WWTPs.  
The current regulation of the UK water industry requires it to operate on five-yearly cycles called Asset 
Management Plan (AMP) periods: every 5 years, water companies create business plans detailing 
objectives for the next AMP period, demonstrating compliance with the EU Water Framework Directives 
and the expectations of the Environment Agency. In the current AMP6 period, the EU Water Framework 
Directive and Environment Agency are seeking to improve quality of water bodies, requiring water 
utilities to reduce levels of nutrients in treated effluent discharged into rivers (Thames Water, 2013). 
The business plan created for each AMP period is an ideal format for water companies to commit to P 
recovery. However, P recovery must first appear on the UK Environment Agency and EU agendas. To 
achieve P recovery, information regarding P flows and prices should be used to highlight the efficiencies 
and opportunities associated with national P recovery strategies. Using case studies, SFA models and 
LCA, researchers can highlight to governments the P issues facing the UK and EU. Supported by industry 
detailing the technological interventions, P recovery can appear on the national and EU agenda. Much 
like regulations requiring final effluent discharge P concentrations, regulations may need to be 
introduced setting P recovery targets. 
Another aspect to consider when encouraging P recovery from WWTPs is whether agricultural workers 
are willing to use the product. Currently in the UK, 40.9% of sewage sludge produced at WWTPs is 
applied to agricultural land. Since sludge spreading is widely accepted in the UK, it is likely that 
agricultural workers would be willing to use P fertiliser recovered from wastewater. The struvite ‘prills’ 
produced from the Ostara process are dense, odourless, free of potentially harmful microorganisms and 
registered as fertiliser (Baur, 2010). Struvite fertiliser contains lower heavy metal concentrations than 
phosphate rocks (Driver et al., 1999). Ahmed et al. (2015) have shown that struvite has a slow 
dissolution rate, making it an efficient fertiliser. 
 
Sustainable P Recovery from Waste  Chapter 6 
6-22 
6.5 Conclusions 
WWTPs are ideal sources for P recovery to produce P rich fertilisers, thus reducing P imports. However, 
the benefits, savings, and revenues for water utilities recovering P at full scale installations have not yet 
been thoroughly documented and to date there have been few attempts to develop comparisons via 
LCA. To entice water utilities to install P recovery technologies, P recovery must be economically feasible 
and benefit individual WWTPs. At Slough WWTP, operated by Thames Water, running the Ostara system 
at average 72±7% P recovery resulted in 8.8±0.7% total P and 20.5±3.2% PO4-P recovery as struvite 
fertiliser. As a result of P recovery, P flows through the WWTP process reduce. The contribution of 
centrate to the internal recycle stream is decreased from 42.1±11.8 to 30.4±9.7% total P and from 
78.6±1.6 to 47.2±3.6% PO4-P, while P flows to BNR and final effluent reduce allowing the site to meet 
discharge consents more easily. 
In addition to the revenue from struvite fertiliser sales, amounting to ~£20K/year, much of the benefit 
arises from operational and maintenance savings. Three quarters of UK BNR style WWTPs are supported 
by chemical dosing to avoid odour and ensure discharge consents are met. P recovery from BNR WWTPs 
requires the reduction of chemical dosing to increase bioavailable PO4-P for recovery as struvite. 
Reduced chemical dosing alone provides savings of over £65K, including cost savings associated with 
reduced sludge cake production. Savings from reduced use of polymer and anti-scaling chemicals, 
operational and maintenance costs amount to more than £113K for the whole site. In total the savings 
and sales revenue amount to £133K while the costs amount to approximately £90K. 
The benefits of P recovery at WWTP scale are demonstrated, but there must be benefits at a national 
level for P recovery to be encouraged by governments. To achieve more significant benefits of P 
recovery, technologies for recovery from chemically dosed WWTPs must be developed; such 
technologies could be deployed at a further 452 WWTPs in the UK. A combination of new and current P 
recovery technologies averaging 15±5% P recovery would yield 7.05±2.01kt P fertiliser/year in the UK. 
While small, this would reduce P fertiliser imports by 9.1±2.6% based on 2009 flows. A further 
21.71±0.95kt P/year can be recovered by incinerating sewage sludge currently destined for agriculture 
and other disposal and extracting P from the resulting ash (ISSA), while the incineration of sewage 
sludge produces energy, an additional revenue stream for water utilities. Recovering 15±5% of the P 
from WWTP influent and 90% of the P in ISSA represents a source of 28.04±0.89 kt P/year, reducing P 
fertiliser imports by 36.2±1.1%. This flow would reduce UK vulnerability to uncertain P availability and 
prices, and also reduce the carbon and energy footprints associated with transport of P to UK (see 
Figure 6-15). P recovery from WWTP influent and ISSA would reduce P losses to water bodies by 
21.7±1.9% compared to 2009 P flows. The beneficial impacts should motivate the UK Environment 
Agency, DEFRA, and the government to legislate for P recovery in the UK. 
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Figure 6-15: Evaluation of local and national effects of P recovery from WWTP 
The local and national effects of P recovery from UK WWTPs are summarised in the flow diagram 
presented in Figure 6-15. The two interventions - P recovery from WWTP influent and from ISSA - can 
provide significant benefits both locally in WWTPs and nationally in the UK. Using such flow diagrams 
and mass balances, it may be possible to influence key actors to bring about a change in the current P 
system through legislative and regulatory measures. Water utilities should be targeted as key actors to 
achieve P recovery at WWTPs by highlighting the benefits of P recovery. 
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Chapter 7: Comparison of Phosphorus Recovery from Incinerated 
Sewage Sludge Ash (ISSA) and Pyrolysed Sewage Sludge Char (PSSC)1 
7.1 Abstract 
This research compares and contrasts the physical and chemical characteristics of ISSA and PSSC for the 
purposes of P recovery with a view to producing a P rich fertiliser. The P contents of ISSA and PSSC are 
7.2-7.5% and 5.6%, respectively. P concentrations of sewage sludge during incineration increases by ~8 
times compared to 2.5 times during pyrolysis. Both PSSC and ISSA contain whitlockite-like compounds, 
with PSSC containing more whitlockite. Acid leaching experiments highlighted similarities and 
differences between ISSA and PSSC samples. 30 minutes contact time at liquid/solid ratio of 10 is 
optimum to release PO4-P into liquid for both ISSA and PSSC. % P extraction in both ISSA and PSSC 
samples plateau after reaching 0.6M and 0.8M H2SO4 acid, respectively.  The highest % P extractions 
were achieved by PSSC, due to its high whitlockite content. Fe dissolves more readily from PSSC samples 
compared to ISSA. Other heavy metals in PSSC are less dissolvable, because they are strongly 
incorporated into the particle. Interest in P recovery from PSSC will increase as pyrolysis is becoming 
viewed as more economical method of sewage sludge thermal treatment compared to incineration. 
                                                          
1 This chapter has been prepared as an article for submission to the journal ‘Waste Management’ 
Authors: Kleemann, R., Chenoweth, J., Clift, R., Morse, S., Pearce, P. and Saroj, D. 
Title: Comparison of Phosphorus Recovery from Incinerated Sewage Sludge Ash (ISSA) and Pyrolysed Sewage 
Sludge Char (PSSC) 
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7.2 Introduction 
Each year approximately 11.6 million tonnes of dry municipal sewage sludge is produced in Europe 
(Milieu Ltd., WRc and RPA, 2010). Greece landfill over 90% of their sludge, while France, Spain and the 
UK use >65% sludge in agriculture, and the Netherlands and Switzerland incinerate 100% of their sludge 
(Milieu Ltd., WRc and RPA, 2010). Energy recovery from sewage sludge using thermal processes such as 
incineration, pyrolysis, and gasification are gaining more consideration lately. On average 27% of sewage 
sludge is incinerated in Europe (Milieu Ltd., WRc and RPA, 2010). However, incineration has been in 
decline in the UK because of its high operating costs (Mills et al., 2014). Pyrolysis is becoming a more 
viable option for the recovery of energy from sewage sludge, due to its high energy conversion 
efficiency (Mills et al., 2014). 
The major difference between the incineration and pyrolysis processes is the absence or presence of 
oxygen. Incineration is the combustion of waste in excess oxygen at high temperature with the recovery 
of heat to create steam that produces power through steam turbines (Samolada & Zabaniotou, 2014). 
Through the combustion of solids in excess oxygen, CO2 and water are formed, leaving an inert solid ash 
residue (Tyagi & Lo, 2013). Pyrolysis is the thermal decomposition of solids in the absence of oxygen 
producing char, ash, pyrolysis oils, water vapour, and combustible gases (Samolada & Zabaniotou, 2014; 
Tyagi & Lo, 2013). The reactions occurring in pyrolysis alter the molecular structure of the solids and 
release CO2, creating ‘carbonized’ solids (Tyagi & Lo, 2013). The low operating temperature of pyrolysis 
leads to fewer gaseous pollutants and heavy metals remain trapped within the solid carbonaceous 
matter compared to incineration (Samolada & Zabaniotou, 2014). 
There has been much interest in the recovery of phosphorus (P) from ISSA either as phosphoric acid or 
as a fertiliser (Adam et al., 2009; Donatello et al., 2010; Franz, 2008; Ottosen et al., 2013; Ateinza-
Martinez et al., 2014; Azuara et al., 2013; Biswas et al., 2009; Cohen, 2009). P recovery from waste is a 
viable solution to the uncertain future of rock phosphate supplies. P recovery from ISSA and PSSC with 
the production of fertiliser creates a revenue stream for water utilities. Currently, ISSA produced by 
Thames Water is landfilled at a cost of £50/tonne and due to its high Cd content PSSC will also be 
landfilled. However, this research aims to produce revenue from these waste streams rather than a 
financial burden. PSSC is of particular interest because it may be possible to extract P from the solid to 
produce struvite fertiliser and the remaining extracted solid can be used as an activated carbon for land 
remediation. 
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 ISSA has been the subject of considerable research, with its chemical and physical properties being 
frequently reported. However, there is much less information available on pyrolysed sewage sludge char 
(PSSC). A lot of research has been conducted into determining the effects of varying temperatures on 
pyrolysis products, with gases and oils being the main focus. However, there remain many gaps in the 
research related to the knowledge on the chemical and physical properties of PSSC. 
To the authors knowledge no studies have applied P recovery techniques, i.e. acid leaching, as generally 
applied to ISSA on PSSC. A review by Fonts et al. (2012) supports the fact that P recovery from ISSA has 
been explored with PSSC being overlooked thus far. This research compares and contrasts the physical 
and chemical profiles of ISSA and PSSC before and after acid leaching. The release of P and heavy metals 
from ISSA and PSSC using acid leaching are compared and discussed. 
 
7.3 Materials and methods 
7.3.1 Ash and char source 
ISSA was sourced from two different Thames Water WWTP, Crossness and Beckton, which each treat 
wastewater from a population equivalent of 5.5 million. Beckton and Crossness sewage sludge 
incinerators operate at temperatures between 850-950°C. The incinerator must operate above 850°C to 
ensure minimal dioxin formation, but below 950°C to ensure slag formation (melting of ash) does not 
occur. Dried sludge was imported from Malaga WWTP, Spain and pyrolysed in Mitcham by 
Environmental Power International (EPi) Ltd. to produce char (PSSC). The pyrolysis process used in 
Mitcham is known as ‘flash pyrolysis’ occurring at 850°C for 2 minutes and just above atmospheric 
pressure. 
7.3.2 Solid and liquid analyses methods 
The sekiya fractionation method was used to determine the quantities of Ca-, Al-, and Fe- bound P in 
solids samples before acid leaching. XRF (X-ray fluorescence) and X-ray powder diffraction (XRD) were 
conducted at the UKAS accredited laboratory No. 2245 in Brunel University to determine the elemental 
and mineralogical composition of all solids before acid leaching. Scanning electron microscope (SEM) 
was used to compare physical properties of solids before acid leaching. Solids samples were sent to the 
UKAS 17025 accredited Thames Water laboratories for inductively coupled mass spectrometry (ICP-MS) 
analysis to determine the elemental concentrations of all samples pre- and post-acid leaching. ICP-MS 
was also used to analyse the elemental composition of leachate resulting from acid leaching 
experiments. Beckton and Crossness sludge and ISSA samples as detailed in Table 1 were sampled one 
year after ISSA samples used for experiments subsequently described. 
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7.3.3 Sekiya fractionation method 
The sekiya method of fractionation was used to quantify the amount of solubilised Ca-P, Al-P and Fe-P 
binding in the ISSA and PSSC samples. Sekiya fractionation was originally described in 1983; the method 
used here is taken from Zhang et al. (2001). 2.5g of solid was extracted with 150ml of 2% (v/v) acetic 
acid and shaken for 2 hours at 250rpm. The solid/liquid suspension was centrifuged at 2500rpm for 10 
minutes the supernatant was decanted and kept in a beaker. The remaining solid was twice washed with 
75ml 1M NH4Cl solution, both washing liquids were added to the acetic acid extract providing the Ca-P 
fraction. The remaining solid was extracted with 150ml 1M NH4F and shaken for 1 hour at 250rpm. The 
suspension was centrifuged at 2500rpm for 10 minutes and the supernatant collected giving the Al-P 
fraction. The remaining solid was twice washed with 75ml of saturated NaCl solution and the liquid 
discarded. The solid was mixed with 150ml 0.1M NaOH and shaken for 17 hours at 250rpm. The solution 
was centrifuged as previously described and the supernatant kept providing the Fe-P fraction. Total P, 
Ca, Al, and Fe concentrations of the supernatant samples were measured by ICP-MS. 
7.3.4 Acid leaching 
In acid leaching experiments liquid/solid (L/S) ratios, H2SO4 acid concentrations and contact times were 
varied. L/S ratio refers to the volume (l) of sulphuric acid in relation to the weight (g) of solid mixed in 
acid leaching experiments. In this research ratios of 5 (0.4l/80g), 10 (0.4l/40g), and 20 (0.4l/20g) were 
used. H2SO4 of 95% purity was used to make up the following acid concentrations used in the range of 
experiments; 0.001M, 0.005M, 0.05M, 0.1M, 0.15M, 0.19M, 0.3M, 0.5M, 0.6M, 0.8M, and 1M. The acid 
molar concentration of 0.19M was selected because Donatello et al., (2010) state this is a minimum acid 
concentration required to achieve efficient P extraction. H2SO4 acid is most commonly used in P 
extraction experiments because it is economical and used in industry to dissolve P from phosphate rock 
(Ateinza-Martinez et al., 2014). Two contact times were used in experiments, 30 minutes and 24 hours. 
Solid sample as weighed in electronic balance were placed in a conical flask, the required volume of 
H2SO4 acid solution was then poured into the conical flask. The solution was placed on a magnetic stirrer 
plate for mixing. Upon completion of required contact time, the solution was vacuum filtered through 
Whatman GF/C filter paper (pore size 1.2μm). The solid sample was placed in an oven at 105°C for 1 
hour to evaporate remaining liquid. The weight of dry solid sample minus filter paper was calculated. 
Filtrate and dry solid sample were analysed elemental composition by ICP-MS. The percentage 
extraction was calculated using Equation 7-1; where, liquid concentration = mg/l, solid concentration = 
mg/kg, liquid volume = litres (l), and solid weight = grams (kg). 
Equation 7-1: % Extraction = [(liquid concentration × liquid volume)/((liquid concentration × liquid volume) + (solid 
concentration × solid weight))] × 100 
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7.4 Results 
7.4.1 Elemental composition 
Table 7-1 shows the elemental composition of sludge before and after pyrolysis or incineration. Sludge 
destined for pyrolysis and PSSC contains greater amounts of macro- and micro- nutrients than Beckton 
and Crossness sludges and their ashes, ISSA(b) and ISSA(c), respectively. Incineration and pyrolysis 
concentrates most elements, but Table 7-1 shows that N decreases across all samples, significantly so in 
ISSA samples. Cd concentrations decrease by 0.5 times after pyrolysis, but increase significantly by 5.0 
and 5.4 times in ISSA(b) and ISSA(c), respectively. Concentrations of As remain steady in PSSC, but 
increase by 4.8 and 6.9 times in ISSA(b) and ISSA(c). Viewing P, sludge concentrations are enriched by 
7.9, 6.7, and 2.5 times in ISSA(b), ISSA(c) and PSSC, respectively. Pyrolysis sludge measures significantly 
higher concentrations of Fe than Beckton and Crossness sludge, but concentrations after 
pyrolysis/incineration are similar. 
Table 7-1 Elemental analysis of sludge before and after pyrolysis/incineration 
Element Units Pyrolysis 
sludge 
PSSC Beckton 
sludge 
ISSA(b) Crossness 
sludge 
ISSA(c) 
pH   11.95±0.05  7.1±0.0  10.1±0.0 
P mg/kg 22,610±180 56,220±70 7,271±6.4 57,140±509 7,282±112 48,770±396 
N mg/kg 52,820±24.0 19,519±1,102 41,461±50.2 411±9.9 41,295±44.5 390±38.2 
K mg/kg 1,750±10.0 5,150±60.0 1,380±0.0 9,895±63.6 845±7.1 6,610±14.1 
Ca mg/kg 42,369±79.0 116,120±2,330 15,633±19.1 99,316±89.8 14,796±213 103,205±870 
Mg mg/kg 8,452±75.6 19,835±256 2,269±12.5 14,090±54.4 1,609±26.2 13,309±67.8 
Mn mg/kg 238±2.3 614±12.2 85.3±0.3 479±2.4 111±2.5 872±9.1 
Fe mg/kg 21,450±33.0 49,119±572 8,902±25.5 45,208±57.3 5,764±156 42,869±60.8 
Zn mg/kg 903±4.9 2343±6.0 578±5.7  434±14.1  
Ni mg/kg 22.9±0.3 44.8±1.9 18.1±0.4 113±0.6 17.1±0.7 122±4.5 
Cu mg/kg 170±1.0 372±7.3 271±9.1 1,771±101 204±2.8 1,416±21.3 
As mg/kg 4.8±0.1 4.9±0.3 7.6±0.0 36.8±1.7 3.3±0.1 22.6±0.2 
Cd mg/kg 0.7±0.0 0.4±0.1 0.8±0.0 4.0±0.1 0.7±0.2 3.5±0.0 
Cr mg/kg 30.6±0.5 52.8±0.3 27.3±0.1 119±1.2 20.4±0.8 111±3.0 
Pb mg/kg 45.5±0.9 98.8±1.4 153±2.0 641±23.2 73.3±3.5 704±2.5 
Hg mg/kg 0.7±0.0 0.2±0.0     
Al mg/kg 6,872±162 21,215±355 5,197±127 37,020±75.7 3,376±25.9 30,131±102 
The graphs of Figure 7-1 compare the elemental composition of ISSA and PSSC solid samples as used in 
experiments described. Figure 7-1a shows the samples contain high quantities of P, but differ in their K 
and especially N contents. Only PSSC contains significant quantities of the primary macronutrient N. In 
terms of secondary macronutrients (Figure 7-1b) ISSA(b) contains less S and ISSA(c) contains more Ca 
than other samples. Viewing micronutrients in Figure 7-1c and Figure 7-1d PSSC contains significantly 
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less Al and Ni and more Fe than ISSA samples. ISSA(b) contains 1256±15.2 mg/kg Cu, ISSA(c) Cu 
concentration is similar at 1225±8.3 mg/kg, whereas PSSC measured Cu is 372±7.3 mg/kg. Referring to 
Table 7-1 Cu is enriched by 6.5-6.9 times in ISSA samples compared to 2.2 times in the PSSC sample. 
Figure 7-1e and Figure 7-1f demonstrate that PSSC contains much lower concentrations of heavy metals 
than ISSA samples.  
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Figure 7-1: Elemental analysis of PSSC and ISSA solids: a) Primary macronutrients; b) Secondary macronutrients; c) 
Micronutrients + Al; d) Micronutrients; e) Heavy metals; and f) Heavy metals 
7.4.2 XRF, XRD, and SEM analysis before acid leaching 
XRF analysis largely agrees with elemental analysis of Figure 7-1, with a few exceptions. XRF analysis 
suggests that PSSC contains more K than ISSA(c) but have similar Ca, Cr, and Al concentrations. The 
analysis also reports that PSSC and ISSA(b) have similar concentrations of Ni, Mn, P, and Al. The variance 
in results may be due to the different analysis methods employed.  
Mineralogical analysis reports various similarities between the samples (see Table 7-2). XRD analysis 
concludes that ISSA(b), ISSA(c) and PSSC each contain quartz, anhydrite, and Whitlockite-like 
compounds (Ca9X(PO4)7, where X is Fe, preferably, Cu, H, Al, Ni, and Sr. Table 7-2 shows that ISSA(b) and 
PSSC both contain a phosphate identified with a strontium phase while only PSSC contains calcite. 
Results from quantitative analysis performed via Rietveld refinement are presented in Table 7-2 (error 
up to 10%). 
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Table 7-2: Quantitative mineralogical analysis 
 ISSA(b) ISSA(c) PSSC 
Whitlockite-like compounds (Ca9X(PO4)7) 60% 65% 70% 
Quartz (SiO2) 31% 20% 9% 
Calcite (CaCO3)   6% 
SrH(PO4) 5%  4% 
Anhydrite (CaSO4) 4% 15% 12% 
SEM analysis was conducted to determine the visual distinction between ISSA and PSSC samples. Figure 
7-2 shows clearly the striking difference between the structure of ISSA (Figure 7-2a) and PSSC (Figure 
7-2b) at similar magnifications. PSSC portrays a “honeycomb” porous style of particle whereas ISSA is a 
homogeneous series of smaller distinct particles. The BET surface area of PSSC is 8.8±0.6 m2/g compared 
to 18m2/g and 23.8 m2/g of ISSA(b) and ISSA(c), respectively, (ISSA measured by Donatello et al. (2010)). 
   
Figure 7-2: a) SEM image of ISSA at 1,500 magnification; b) SEM image of PSSC at 1,700 magnification 
7.4.3 Sekiya fractionation 
The Sekiya method of fractionation measures the concentrations of Ca-P, Al-P and Fe-P bound 
compounds present in samples using a series of leaching steps. Figure 7-3 shows that there is little Fe-P 
binding across the samples, with Ca-P being the most prevalent type of P bond. There is greater Ca-P 
bonding in PSSC compared to both ISSA samples. 
a 
b 
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Figure 7-3: Results from sekiya fractionation 
7.4.4 Acid leaching 
7.4.4.1 Contact time 
Figure 7-4a shows PO4-P concentration release from ISSA into leachate measured over a 2 hour period. 
A 48.9% increase of PO4-P concentrations is measured between 15 to 30 minutes after which PO4-P 
release plateaus until the 2 hours contact time is reached. Figure 7-4b displays the concentrations of 
PO4-P and Total P as measured in samples mixed for 30 minutes compared to 24 hours, the extended 
contact time did not result in improved P concentrations released into leachate. 
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Figure 7-4: a) PO4-P concentrations as measured in ISSA samples over 2 hour time period; b) Total P and PO4-P 
concentrations as measured in PSSC and ISSA samples at 30 minutes versus 24 hour contact times 
7.4.4.2 Liquid/solid ratio 
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Figure 7-5 a) P concentration in liquid versus % P extraction at LS ratios 5, 10, and 20 with linear trend lines; b) Mg 
concentration in liquid versus  % Mg extraction at LS ratios 5, 10, and 20 with linear trend lines; c) Zn concentration in liquid 
versus % Zn extraction at LS ratios 5, 10, and 20 with linear trend lines 
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Figure 7-5 shows the effect of different liquid/solid (LS) ratios on percentage extraction and elemental 
concentration in liquid for P, Mg, and Zn. LS 20 released the lowest amount of these nutrients into liquid 
compared to LS 5, while LS 10 achieved medium release of P, Mg and Zn into liquid and extraction >90%. 
The release of elements into liquid at LS 5 was high in all samples, but the percentage extraction was 
relatively low, meaning more nutrients remained unleached in the solid. Figure C-1 in Supplementary 
Data displays that at higher LS ratios of 30, 50, and 100 P release into liquid was lower than release at LS 
5, 10, and 20. Supplementary Data Figure C-7, Figure C-10, and Figure C-13 show that at LS 20 
%extractions of nutrients are highest for ISSA and PSSC samples. Conversely, nutrient concentrations in 
liquids and solids are highest at LS 5 for all samples (Figure C-8, Figure C-9, Figure C-11, Figure C-12, 
Figure C-14, and Figure C-15). 
7.4.4.3 Phosphorus 
 
Figure 7-6: % P extraction from ISSA(b), ISSA(c), and PSSC samples at 30 minutes contact time, LS ratios 5, 10, and 20, and 
acid molar concentrations from 0.19M to 1M 
Figure 7-6 displays the % P extraction from ISSA and PSSC samples across six different acid molar 
concentrations. The graph portrays that ISSA %P extraction plateaued at 0.6M, while PSSC extraction 
remained relatively low at that molar concentration. Therefore, additional molar concentrations of 0.8M 
and 1M were used in leaching experiments for PSSC. ISSA(b) and ISSA(c) achieved high P extractions of 
90.2±1.1% and 89.3±1.7%, respectively, at acid molar concentrations of 0.3M and LS 20. The maximum P 
released by ISSA(b) was 91.7±1.6% at 0.6M LS 20, and by ISSA(c) was 93.2±1.7% at 0.5M LS 20, showing 
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little additional %P extraction was achieved by using higher molar acid concentrations. PSSC achieved its 
highest average %P extraction of 89.3±9.0% at 0.8M and LS 10. The large standard deviation is 
noteworthy; in an individual PSSC sample an extraction of 96.99% was calculated at 0.8M LS 10, the 
highest %P extraction of any sample at 30 minutes contact time. The greatest individual P extraction of 
99.2% was measured by ISSA(c) at 0.19M LS 20 but after 24 hour contact time. 
 
Figure 7-7: % P extraction from ISSA(b), ISSA(c), and PSSC samples versus P concentration remaining in extracted solid with 
linear trend lines 
A strong linear relationship between P concentration remaining in solids and % P extraction is shown in 
Figure 7-7. The graph also exhibits a distinct separation of response of ISSA and PSSC samples to P 
release and extraction. 
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Figure 7-8: P concentrations released into liquid from ISSA and PSSC samples at 30 minutes contact time, LS ratios 5, 10, and 
20, and acid molar concentrations from 0.19M to 1M 
Comparing Figure 7-6 and Figure 7-8 shows that % P extraction and liquid P concentrations do not follow 
the same trend. Maximum P concentrations as measured in liquid were achieved by ISSA(b) and ISSA(c) 
at 0.6M LS 5 and by PSSC at 0.8M LS 5. This is in agreement with Figure 7-5a which portrays that the 
highest P concentrations in liquid were measured at LS 5. Interestingly for PSSC, highest acid molar 
concentrations of 1M did not achieve best P release; maximum P release and extraction were measured 
at 0.8M. A graph of P concentrations remaining in solid samples after leaching is available in 
Supplementary data Figure A-2. 
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7.4.4.4 Macronutrients 
 
 
Figure 7-9: a) Concentrations of macronutrients measured in ISSA and PSSC solids at 30 minutes contact time, LS ratios 5, 10, 
and 20, and acid molar concentrations from 0.19M to 1M; b) % Extraction of macronutrients calculated from ISSA and PSSC 
samples at 30 minutes contact time, LS ratios 5, 10, and 20, and acid molar concentrations from 0.19M to 1M 
a 
b 
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One of the major points of note when comparing ISSA and PSSC is the presence of N in PSSC and its 
absence from ISSA even following acid leaching (see Figure 7-9a). Figure 7-9b shows low Ca % 
extractions were measured across the series of experiments. ISSA(b) Ca extraction ranges from 2.5-
12.7%, ISSA(c) ranges from 3.1-11.4% and PSSC ranges from 2.4-27.2%. Figure 7-9a shows significant 
concentrations of Ca remain unleached in ISSA and PSSC solid samples. K and Mg percentage extractions 
are much higher than Ca, with ISSA(b) achieving 8.8-60.7% and 21.9-77.9% extraction respectively, 
ISSA(c) K and Mg extractions range from 11.2-54.4% and 35.1-74.7%, while PSSC extractions range from 
12.0-75.9% and 26.3-85%. However, while the extraction percentage of Ca for each sample are lower 
than K and Mg percentage extractions, higher concentrations of Ca are measured in liquid than K 
(Supplementary Data Figure C-3). The highest measured concentrations of Ca in liquid by ISSA(b), 
ISSA(c), and PSSC are 12599 mg/l, 12532 mg/l, and 8273 mg/l, respectively. The highest K concentrations 
released into liquid by ISSA(b), ISSA(c), and PSSC are 1090 mg/l, 722mg/l, and 496 mg/l, respectively. 
7.4.4.5 Micronutrients 
 
a 
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Figure 7-10: a) Concentrations of micronutrients measured in ISSA and PSSC liquid samples at 30 minutes contact time, LS 
ratios 5, 10, and 20, and acid molar concentrations from 0.19M to 1M; b) Concentrations of Fe measured in ISSA and PSSC 
liquid samples at 30 minutes contact time, LS ratios 5, 10, and 20, and acid molar concentrations from 0.19M to 1M 
Figure 7-10a shows that generally as molar acid concentrations increase, concentrations of 
micronutrients in ISSA and PSSC liquid samples increase. A graph of micronutrient extraction 
percentages is available in Supplementary Data Figure C-4. Interestingly, Mn follows a similar extraction 
trend to P, but on average extractions were 7.2% higher than P extractions, but with lower 
concentrations released into liquid (Figure C-7 - Supplementary Data). Figure 7-10a displays that PSSC 
measured the highest concentrations of micronutrients in liquid samples especially Fe (Figure 7-10b). 
Figure 7-1c shows that unleached PSSC samples contain higher concentrations of Fe compared to 
unleached ISSA samples. In agreement with the conclusion on LS ratios in Figure 7-5, Figure C-5 of 
Supplementary data shows clearly that at low LS ratio of 5, higher total micronutrients concentrations 
are measured in PSSC samples. 
b 
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Figure 7-11: a) Concentrations of Cu measured in ISSA and PSSC liquid samples at 30 minutes contact time, LS ratios 5, 10, 
and 20, and acid molar concentrations from 0.19M to 1M; b) Concentrations of Cu remaining in ISSA and PSSC samples 
versus % Cu extractions from ISSA and PSSC with linear trend lines 
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Viewing Figure 7-10b and Figure 7-11a, a different response of Fe and Cu to acid leaching of PSSC and 
ISSA is visible. PSSC releases more Fe into liquid, whereas ISSA releases more Cu in liquid. A strong 
exponential relationship between Fe and Cu extractions from ISSA exists as shown in Figure C-6 of 
Supplementary Data. Figure 7-1c shows that PSSC contains lower concentrations of Cu in unleached 
samples compared to ISSA unleached samples. Concentrations of Cu in PSSC range from 0.06 to 
16.9mg/l, while ISSA(b) ranges from 42.8-174.9mg/l and ISSA(c) ranges from 32.2-154.8mg/l. Figure 
7-11b depicts a stark contrast in responses of ISSA and PSSC to Cu leaching. Figure C-7 of Supplementary 
Data shows that Cu % extraction from PSSC have a very strong trend with LS ratios; at LS 20 Cu 
extractions are highest and at LS 5 are significantly lower. 
Figures C-7 to C-15 of Supplementary Data provides more graphs depicting the extractions and 
concentrations of macro- and micro- nutrients in ISSA and PSSC samples. 
7.4.4.6 Heavy metals 
 
a 
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Figure 7-12: a) Concentrations of As measured in ISSA and PSSC liquid samples at 30 minutes contact time, LS ratios 5, 10, 
and 20, and acid molar concentrations from 0.19M to 1M; b) Concentration of Cd measured in ISSA and PSSC liquid samples 
at 30 minutes contact time, LS ratios 5, 10, and 20, and acid molar concentrations from 0.19M to 1M 
Figure C-16 of Supplementary data shows there are very low concentrations of heavy metals in PSSC 
leachate compared to both ISSA samples. This is especially clear when viewing As and Cd in the separate 
graphs of Figure 7-12. Figure 7-1f shows that PSSC contains low levels of As and Cd in unleached 
samples, explaining the low concentrations in leachate. Figure 7-13 conveys a similar trend to Figure 
7-11b, in which PSSC and ISSA respond differently to As and Cu leaching. A very strong linear 
relationship exists between PSSC and ISSA As solid concentration and As percentage extraction as shown 
in Figure 7-13. PSSC maximum percentage extraction for As is 72% compared to 96.9% and 97.8% 
measured by ISSA(b) and ISSA(c). ISSA samples measured highest % As extractions over other elements 
at LS 5 and 10 (unmeasured in LS 20). 
b 
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Figure 7-13: Concentrations of As remaining in ISSA and PSSC samples versus % As extractions from ISSA and PSSC with linear 
trend lines 
 
7.5 Discussion 
7.5.1 Elemental composition 
Figure 7-1a, Figure 7-1e, and Figure 7-1f shows that PSSC contains significantly more N and less Cd, Hg, 
and Pb than ISSA. During incineration N-containing volatiles evolve early in the process, N is oxidised 
and NO emissions produced (Rink et al., 1993). In comparison, during pyrolysis N and S are retained in 
the solids as less oxidisation can occur due to the oxygen deficient atmosphere (Pokorna et al., 2009). 
During pyrolysis many metals are volatilised and are therefore not present in the remaining PSSC (Bridle 
& Pritchard, 2004; Hossain et al., 2011; Kistler et al., 1987). At temperatures above 750°C Cd reduces to 
its metallic form and evaporates during pyrolysis (Kistler et al., 1987). Hg behaves similarly to Cd, 
evaporating during pyrolysis at temperatures as low as 350°C (Kistler et al., 1987); both of these effects 
agree with data of Table 7-1 Elemental analysis of sludge before and after pyrolysis/incineration. 
According to Hwang et al. (2007) Pb and Zn also volatilise during pyrolysis up to 500°C, but Table 7-1 
shows Pb and Zn concentrations increased during pyrolysis. Jin et al. (2014) note a loss of between 
19.3% and 32.6% As in their PSSC samples, but in this research As concentrations were unaffected by 
pyrolysis.  
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Table 7-1 Elemental analysis of sludge before and after pyrolysis/incineration shows that a major 
difference between incineration and pyrolysis is the enrichment of nutrients and heavy metals. Jin et al., 
(2014) report an enrichment of 2.5-3.5 times in their PSSC samples, which agrees well with the findings 
of this research. The variety of enrichment values is attributed to the different thermo-stabilities of 
heavy metals in sewage sludge during incineration/pyrolysis (Yuan et al., 2015). Volatile metals such as 
Cd and Hg escape the precipitators in the incineration process because they are in a gaseous form. 
However, these volatile metals condense as temperatures fall and absorb onto fine particle surfaces. 
These particles are caught in the filtration system and then added back to the bulk of the ash from the 
precipitators. During pyrolysis, volatile metals vaporise and leave the pyrolysis process at sufficient 
temperature to remain as vapour. This vapour then condenses and is intercepted in the oil quench to 
form part of the oil cake which leaves the process as a separate stream and so will not appear in the 
resulting PSSC solids. 
Figure 7-1a displays the different concentrations of primary macronutrients in ISSA and PSSC. The 
percentage P contents of ISSA(b), ISSA(c), and PSSC are 7.5±0.06%, 7.2±0.01%, and 5.6±0.01%, 
respectively. Donatello et al. (2010) report %P contents in the range of 5.7% to 7.6%, which agrees well 
with this analysis. PSSC %P content of 5.61% and 4.3% were reported by Bridle & Pritchard, (2004) and 
Gao et al., (2014), respectively. The variation of %P contents and other nutrients and heavy metals are 
attributed to different WWTP influent characteristics, WWTP processes, and incineration/pyrolysis 
characteristics. 
The different pH values of ISSA and PSSC samples are attributed to the presence of Ca which is the main 
element responsible for alkalinity (Hwang et al., 2007; Kuligowski & Poulsen, 2010). The removal of 
acidic oxygen-containing surface groups during pyrolysis may also be responsible for the high pH of PSSC 
(Stammbach et al., 1989). 
7.5.2 XRD analysis before acid leaching 
According to this research PSSC is mineralogically similar to ISSA, but PSSC contains calcite and greater 
amounts of whitlockite-like compounds. Calcite is stable up to ~825°C above which it decomposes to 
calcium oxide (Sikes et al., 2000). Without the presence of oxygen and carbonisation occurring during 
pyrolysis calcite is present. ISSA samples contain significantly more quartz than PSSC, due to the 
presence of oxygen during incineration. ISSA(c) and PSSC samples contain anhydrite which may be due 
to the fact that they each contain more Ca than ISSA(b), see Figure 7-1b. The mineralogical analysis of 
PSSC could only be found in one paper written by Abgreo et al. (2009). At a pyrolysis temperature of 
800°C quartz, feldspars: albite and anorthite, calcium oxide (CaO), oldhamite (CaS), troilite (FeS), 
pyrrhotite (Fe1-xS, x=0-0.2) and Barringerite (Fe2P) are present in undigested PSSC samples (Abrego et al., 
2009). Only the presence of quartz is common to in this study and that of Abrego et al. (2009). 
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XRD analysis of ISSA agrees well with the literature frequently reporting the presence of whitlockite-like 
compounds (Cheeseman et al., 2003; Cyr et al., 2007; Donatello et al., 2010; Mahieux et al., 2010; 
Nowak et al., 2013; Petzet et al., 2012). Ca is a common element found in wastewaters and is 
responsible for hard water, which explains the high whitlockite content of samples. As shown in Figure 
7-3, calcium phosphate bonding is prevalent in ISSA and PSSC samples. This may form whitlockite or 
hydroxylapatite [Ca5(PO4)3OH] depending upon the sludge composition and incineration (and pyrolysis) 
temperatures and residence times (Cyr et al., 2007). It was reported that above 750°C whitlockite is not 
present in ISSA because it reacts with CaCl2, forming chlorspodiosite and chlorapatite (Adam et al., 
2009). However, whitlockite-like compounds was observed in these ISSA samples incinerated at 850-
950°C. Quartz appears to be a common mineral in ISSA with many researchers reporting its presence 
(Cheeseman & Virdi, 2005; Cyr et al., 2007; Donatello et al., 2010; Franz, 2008; Mahieux et al., 2010; 
Nowak et al., 2013). Silica is a major component of sewage sludge which enlightens on the presence of 
quartz in samples (Cohen, 2009). Quartz was detected in samples up to 1050°C by Adam et al. (2009) 
and in these samples showing quartz survives in high temperatures.  
Nowak et al., (2013) measured 34.4% abundance of whitlockite, 28.9% quartz, 6.8% anhydrite and 2.9% 
calcite in ISSA samples along with hematite, potassium-calcium sulphate and magnetite. Cyr et al., 
(2007) measured 26% calcium phosphates (whitlockite) and 14% quartz along with gypsum, feldspar, 
micas and glass in their ISSA samples. The results of this analysis agrees well with Nowak et al. (2013) 
and Cyr et al. (2007) as whitlockite is the most abundant mineral (60-65%), followed by quartz (20-31%) 
and anhydrite (4-15%). 
The difference in physical structure of ISSA versus PSSC as seen in Figure 7-2 may be due to the 
evaporation of metals during pyrolysis, leaving behind the honeycomb style PSSC particle. Incineration 
does not cause the volatilisation of metals, which leaves the ISSA particles intact. During pyrolysis the 
dried sludge is moved through the process as a bed of material and therefore does not experience 
significant shear. ISSA has much smaller particle size than PSSC due to abrasion and shear through the 
incineration process. The fluidised sand bed of incineration grinds up the sludge/ash as it dries, high 
velocities and gas turbulence further reduce particle sizes. 
7.5.3 Sekiya fractionation 
Results of Sekiya fractionation displayed in Figure 7-3 show that Ca-P bonding is most prevalent in all 
samples. This agrees with the XRD analysis which concludes that Whitlockite-like compounds are the 
most abundant mineral in each sample (Table 7-2: Quantitative mineralogical analysis). The high 
abundance of Ca-P is due to the conversion of organic P in the pyrolysis process (Zhang et al., 2001). XRD 
analysis revealed that ISSA(b) contains approximately 5% less Whitlockite-like compound than ISSA(c) 
(Table 7-2) which may explain the difference in Ca-P concentrations as seen in Figure 7-3. Figure 7-1c 
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shows that PSSC contains less Al and more Fe than ISSA samples, which explains the Al-P and Fe-P 
binding displayed in Figure 7-3. 
7.5.4 Acid leaching 
7.5.4.1 Contact time 
Figure 7-4a shows that 30 minutes contact time is optimum for ISSA samples and was applied to PSSC 
experiments also. Mixing for longer than 30 minutes would require more energy without significantly 
increasing PO4-P release, stretching the economics of a full scale process. A two hour contact time was 
used by Ateinza-Martinez et al., (2014) on their combusted char sample and by Biswas et al., (2009), 
each using a low concentration of 0.05-0.53M H2SO4 acid. In contrast Franz (2008) found a contact time 
of 10 minutes was optimum, while Donatello et al. (2010) achieved 85% P extraction after 30 minutes. A 
shorter contact time of approximately 30 minutes is sufficient because whitlockite readily dissolves in 
acid (Donatello, et al., 2010). The low dissolution after 30 minutes may be due to the formation of 
gypsum crystals on the whitlockite particle surfaces or quartz phases restricting acid contact with 
whitlockite particles (Donatello et al., 2010). Kalmykova & Karlfeldt Fedje, (2013) showed that a 2 hour 
contact time achieved greater extraction compared to 24 hours, agreeing with Figure 7-4b. 
7.5.4.2 Liquid/solid ratio 
Figure 7-5 shows that lower LS ratios achieve higher nutrient release into liquid, but generally lower 
%extractions. Figures C-7 to C-15 displays that at LS 20 higher %extraction are calculated for many 
nutrients, but at LS 5 higher concentrations in both liquid and solid are measured. A balance must be 
struck between %extraction, concentration in liquid, and LS ratio. Ateinza-Martinez et al., (2014) report 
that an LS ratio of 20 provides lowest % P extraction efficiencies in ISSA, due to the decrease in 
liquid/solid contact. Franz (2008) concluded that LS ratio of 2 was favourable for their ISSA samples. As 
the LS ratio decreases, liquid volume remains constant while the solid weight increases. The difference 
in effect of LS ratios may be due the improved contact between solids, enhancing particle friction and 
breakage, increasing particle surface area and allowing better contact with acid to dissolve nutrients 
into solution. A lower LS ratio is preferred for a full scale P recovery process because less acid volume is 
required reducing costs and the liquid volume to be filtered from solution is reduced.  
7.5.4.3 Phosphorus 
The increase of %P extraction with acid concentration is frequently reported in literature by many 
authors including Cohen et al., (2009), Donatello et al., (2010), Ottosen et al., (2013), and Ateinza-
Martinez et al., (2014). While %P extraction may increase with acid concentration, Figure 7-6 shows that 
P extraction from ISSA plateaus at approximately 90% at 0.3M H2SO4 acid. A similar plateau of %P 
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extraction was reported by Cohen et al., (2009) and Kuligowski & Poulsen, (2010) for ISSA samples. The 
plateau in % extraction is due to the formation of gypsum around ash aggregates, which prevents acid 
reaching the particle core, reducing dissolution (Cohen, 2009). A similar plateau effect is seen in PSSC 
samples, but at a higher concentration of 0.8M acid concentration, presumably due to the same reasons 
as ISSA. The highest %P extractions were achieved by PSSC, which may be due to its higher whitlockite 
content compared to ISSA samples (Figure 7-3). 
Table 7-3 outlines the optimum P recovery parameters and % P extractions reported by other authors. 
High liquid/solid ratios along with relatively low acid molar concentrations were favoured by other 
authors. Due to the lower surface area of PSSC, higher acid concentrations may be needed to penetrate 
and dissolve nutrients contained within the PSSC particle. Crushing of the PSSC particle will increase the 
surface area, potentially improving %P extraction. 
Table 7-3: Acid leaching parameters & P recovery reported in literature 
 
7.5.4.4 Macro- and micro- nutrients 
Across each of the samples, Ca displayed low % extractions with high Ca concentrations remaining 
unleached in solids (Figure 7-9). The low % extraction of Ca may be due to the preferential binding of Ca 
with other metals (Biswas et al., 2009). Donatello et al. (2010), report that the low extractions of Ca are 
a result of the precipitation of CaSO4.2H2O (basanite) during the acid leaching. High basanite contents of 
PSSC samples were found after acid leaching (unreported in this paper). Biswas et al. (2009) also suggest 
that Ca may nucleate to the centre of the PSSC or ISSA matrices. Figure 7-4 and Figure C-8 show that Mg 
has a very strong parallel relationship as P in PSSC with regards to their responses to LS ratios and acid 
concentrations.  
There is a clear distinction between the samples responses to micronutrient leaching, with Fe dissolving 
easily from PSSC and Cu dissolving easily from ISSA. The low release of Fe into ISSA liquid may be due to 
the transformation of Fe into an acid-insoluble Fe compound such as hematite during incineration (Stark 
et al., 2006; Cohen, 2009). Due to the lack of oxygen in pyrolysis, Fe did not transform into an iron oxide, 
but remained in its more easily soluble form, probably whitlockite. Ottosen et al., (2013) report that P 
extraction is dependent upon LS ratio, whereas Cu extraction is not. However, Figure C-7 display that Cu 
H2SO4 acid 
concentration 
Contact Time LS Ratio Sample P Release Reference 
0.05-0.53 M 2-24 hours 150 Combusted PSSC 90% Ateinza-Martinez et al., (2014) 
20 M 2 hours 500 Pyrolysed pig manure ash 100% Azuara et al., (2013) 
0.05 M 4 hours 150 ISSA 100% Biswas et al., (2009) 
1 M   ISSA >85% Cohen, (2009) 
0.5 M 30 minutes 20 ISSA 80% Donatello et al., (2010) 
0.19 M 2 hours 20 Fe-rich sludge ~100% Ottosen et al., (2013) 
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exhibits a very strong trend with LS ratios in PSSC samples, measuring highest % extractions at high LS 
ratios. Figures C-10 and Figure C-13 show that at 0.19M and 0.3M Cu has a strong relationship between 
% extraction and LS ratio in ISSA samples. This relationship becomes less clear at acid molar 
concentrations greater than 0.5M. The different response of Cu in PSSC and ISSA samples is expected 
when viewing different behaviours in Figure 7-11b. The presence of fulvic acid-type components in 
municipal solid waste incineration (MSWI) bottom ash are responsible for increased leaching of Cu (Van 
Zomeren & Comans, 2004; Johnson et al., 1996). This may explain the increased Cu and heavy metal 
leaching from these ISSA samples compared to PSSC.  
7.5.4.5 Heavy metals 
Figure C-16 of Supplementary Data shows that PSSC leaches fewer heavy metals into liquid than ISSA 
samples. Heavy metals in PSSC are more resistant to dissolution, because they are more strongly 
incorporated into the PSSC particle matrix compared to ISSA (Caballero et al., 1997; Conesa et al., 1998; 
Furness et al., 2000; Kaminsky & Kummer, 1989). Heavy metals are highly immobile in PSSC due to the 
well buffered alkaline properties of PSSC (pH detailed in Table 7-1) (Kistler et al., 1987). Both pyrolysis 
and incineration are thought to suppress heavy metals, but Figure C-16 shows this does not hold true for 
ISSA. Even at low acid concentrations of 0.19M H2SO4 higher quantities of heavy metals were released 
into solution for ISSA compared to PSSC. Heavy metals such as Cd, Cr, and Pb are water-soluble 
components of MSWI fly ash, because the particle deposit on the ash particle surface (Buchholz & 
Landsberger, 1995). During pyrolysis As and Cd are volatilised and measured reduced concentrations in 
PSSC and therefore leachate compared to ISSA. The lower concentrations of heavy metals in PSSC 
leachate may be due to the lower surface area of PSSC, reducing contact with acid to release heavy 
metals into liquid. 
 
7.6 Conclusions 
This research compares and contrasts the physical and chemical characteristics of ISSA and PSSC for the 
purposes of P recovery with a view to producing a P rich fertiliser. The P contents of ISSA(b), ISSA(c), and 
PSSC are 7.5±0.06%, 7.2±0.01%, and 5.6±0.01%, respectively. One of the most recognisable differences 
between ISSA and PSSC is their N and heavy metals contents. PSSC samples contain significantly more N 
and less Cd, Hg, and Pb than ISSA samples. During incineration N-containing volatiles evolve early in the 
process, N is oxidised lowering concentrations in resulting ISSA samples. During pyrolysis heavy metals, 
such as Cd and Hg are volatilised and are therefore not present in the remaining PSSC. Another major 
difference between incineration and pyrolysis is the enrichment of nutrients and heavy metals. P 
concentrations in sludge are enriched by 7.9, 6.7, and 2.5 times in ISSA(b), ISSA(c) and PSSC, 
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respectively. Cd concentrations decrease by 0.5 times during pyrolysis, but increase significantly by 5.0 
and 5.4 times in ISSA(b) and ISSA(c), respectively.  
PSSC is mineralogically similar to ISSA with each containing significant quantities of whitlockite-like 
compounds. However, PSSC contains calcite and greater amounts of whitlockite-like compounds 
compared to ISSA. ISSA samples contain significantly more quartz than PSSC, due to the presence of 
oxygen during incineration. Ca-P bonding is most prevalent in all samples, agreeing with the strong 
presence of whitlockite-like compounds. 
Acid leaching of ISSA and PSSC showed a variety of similarities and dissimilarities between samples. 
Contact time, LS ratios, and acid concentrations were varied during acid leaching experiments. 30 
minutes contact time is optimum to release PO4-P into liquid, because whitlockite is readily dissolvable 
in acid (Donatello et al., 2010). An extended contact time of 24 hours did not achieve greater PO4-P 
concentrations in liquid compared to 30 minutes. Lower LS ratios achieve higher nutrient release into 
liquid, but generally lower % extractions. Lower LS ratios are preferred for a full scale P recovery process 
because less acid volume is required reducing costs and liquid can be more easily and quickly separated 
from solution. LS ratio of 10 was therefore decided as the optimum for both ISSA and PSSC samples. 
% P extractions increase with acid concentration, but % P extraction in both ISSA and PSSC samples 
plateau at different acid concentrations. ISSA samples reach a plateau of % P extraction at 0.6M H2SO4 
acid, compared to PSSC samples which plateau at 0.8M H2SO4 acid. The plateau in % extraction is due to 
the formation of gypsum around solids, which prevents acid reaching the particle core, reducing 
dissolution (Cohen, 2009). Due to the lower surface area of PSSC, higher acid concentrations were 
required to dissolve nutrients contained within PSSC particles. The highest % P extractions were 
achieved by PSSC, which may be due to its higher whitlockite content compared to ISSA samples. 
In both ISSA and PSSC samples Ca displayed low % extractions with high Ca concentrations remaining 
unleached in solids. ISSA and PSSC samples show different behaviours for micronutrient leaching, Fe 
dissolves more readily from PSSC samples. Due to the lack of oxygen in pyrolysis, Fe did not transform 
into an iron oxide, but remained in its more easily soluble whitlockite form. However, other heavy 
metals in PSSC are more resistant to dissolution, because they are more strongly incorporated into the 
PSSC particle matrix compared to ISSA. Heavy metals are highly immobile in PSSC due to its well 
buffered alkaline properties. Even at low acid concentrations of 0.19M H2SO4 higher quantities of heavy 
metals from ISSA were released into solution compared to PSSC. 
Interest in P recovery from PSSC will increase as pyrolysis is becoming viewed as more economical 
method of sewage sludge thermal treatment compared to incineration. To the authors knowledge there 
is no literature comparing the physical and chemical characteristics of ISSA and PSSC. Indeed there is no 
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literature available applying acid leaching methods to PSSC samples, with a comparison against ISSA acid 
leaching. Results from this research can be used to inform the development of a novel PSSC P recovery 
process. 
 
7.7 References 
Abrego, J., Arauzo, J., Sanchez, J.L., Gonzalo, A., Cordero, T. & Rodriguez-Mirarsol, J., 2009. Structural Changes of 
Sewage Sludge Char during Fixed-bed Pyrolysis. Industrial & Engineering Chemistry Research, Volume 48, pp. 3211-
3221. 
Adam, C., Peplinski, B., Michaelis, M., Kley, G. & Simon, F.G., 2009. Thermochemical Treatment of Sewage Sludge 
Ashes for Phosphorus Recovery. Waste Management, 29(3), pp. 1122-1128. 
Ateinza-Martinez, M., Gea, G., Arauzo, J., Kersten, S.R.A. & Kootstra, A.M.J., 2014. Phosphorus Recovery from 
Sewage Sludge Char Ash. Biomass and Bioenergy, Volume 65, pp. 42-50. 
Azuara, M., Kersten, S. R., Maarten, A. & Kootsra, J., 2013. Recycling Phosphorus by fast Pyrolysis of Pig manure: 
Concentration and Extraction of Phosphorus Combined with Formation of Value-added Pyrolysis Products. Biomass 
& Bioenergy, Volume 49, pp. 171-180. 
Biswas, B.K., Inoue, K., Harada, H., Ohto, K. & Kawakita, H., 2009. Leaching of Phosphorus from Incinerated Sewage 
Sludge Ash by means of Acid Extraction Followed by Adsorption on Orange Waste Gel. Journal of Environmental 
Sciences, Volume 21, pp. 1753-1760. 
Bridle, T. R. & Pritchard, D., 2004. Energy and Nutrient Recovery from Sewage Sludge via Pyrolysis. Water Science 
and technology, 50(9), pp. 169-175. 
Buchholz, B. A. & Landsberger, S., 1995. Leaching Dynamics Studies of Municipal Solid Waste Incinerator Ash. 
Journal of the Air & Waste Management Association, Volume 45, pp. 579-590. 
Caballero, J. A., Front, R., Marcilla, A. & Conesa, J. A., 1997. Characterization of Sewage Sludges by Primary and 
Secondary Pyrolysis. Journal of Analytical and Applied Pyrolysis, Volume 40-41, pp. 433-450. 
Cheeseman, C. R., Sollars, C. J. & McEntee, S., 2003. Properties, Microstructure and Leaching of Sintered Sewage 
Sludge Ash. Resources, Conservation and Recycling, Volume 40, pp. 13-25. 
Cheeseman, C. R. & Virdi, G. S., 2005. Properties and Microstructure of Lightweight Aggregate Produced from 
Sintered Sewage Sludge ash. Rresources Conservation and Recycling, Volume 45, pp. 18-30. 
Cohen, Y., 2009. Phosphorus Dissolution from Ash of Incinerated Sewage Sludge and Animal Carcasses uisng 
Sulphuric Acid. Environmental Technology, 30(11), pp. 1215-1226. 
Conesa, J.A., Marcilla, A., Moral, R., Moreno-Caselles, J. & Perez-Espinosa, A., 1998. Evolution of Gases in the 
Primary Pyrolysis of Different Sewage Sludges. Thermochimica Acta, Volume 313, pp. 63-73. 
Cyr, M., Coutand, M. & Clastres, P., 2007. Technological and Environmental Behaviour of Sewage Sludge Ash (SSA) 
in Cement-based Materials. Cement and Concrete Research, Volume 37, pp. 1278-1289. 
Donatello, S., Freeman-Pask, A., Tyrer, M. & Cheeseman, C. R., 2010. Effect of Milling and Acid Washing on the 
Pozzolanic Activity of Incinerator Sewage Sluge Ash. Cement & Concrete Composites, Volume 32, pp. 54-61. 
Donatello, S., Tong, D. & Cheeseman, C. R., 2010. Production of Technical Grade Phosphoric Acid from Incinerator 
Sewage Sludge Ash (ISSA). Waste Management, Volume 30, pp. 1634-1642. 
Sustainable P Recovery from Waste  Chapter 7 
7-30 
Franz, M., 2008. Phosphate Fertiliser from Sewage Sludge Ash (SSA). Waste Management, Volume 28, pp. 1809-
1818. 
Furness, D. T., Hoggett, L. A. & Judd, S. J., 2000. Thermochemical Treatment of Sewage Sludges. Journal of 
Chartered Institute of Water and Environmental Management, Volume 14, pp. 57-65. 
Gao, N., Li, J., Qi, B., Li, A., Duan, Y., & Wang, Z., 2014. Thermal Analysis and Products Distribution of Dried Sewage 
Sludge Pyrolysis. Journal of Analytical and Applied Pyrolysis, Volume 105, pp. 43-48. 
Hossain, M.K., Strezov, V., Chan, K.Y., Ziolkowski, A. & Nelson, P.F., 2011. Influence of Pyrolysis Temperature on 
Production and Nutrient Properties of Wastewater Sludge Biochar. Journal of Environmental Management, 
Volume 92, pp. 223-228. 
Hwang, I. H., Ouchi, Y. & Matsuto, T., 2007. Characteristics of Leachate from Pyrolysis Residue of Sewage Sludge. 
Chemosphere, Volume 68, pp. 1913-1919. 
Jin, H., Arazo, R.O., Gao, J., Capareda, S. & Chang, Z., 2014. Leaching of Heavy Metals from Fast Pyrolysis Residues 
Produced from Different Particle Sizes of Sewage Sludge. Journal of Analytical and Applied Pyrolysis, Volume 109, 
pp. 168-175. 
Johnson, C. A., Kersten, M., Ziegler, F. & Moor, H. C., 1996. Leaching Behaviour and Solubility - Controlling Solid 
Phases of Heavy Metals in Municipal Solid Waste Incinerator Ash. Waste Management, 16(1-3), pp. 129-134. 
Kalmykova, Y. & Karlfeldt Fedje, K., 2013. Phosphorus recovery from Municipal Solid Waste Incineration Fly Ash. 
Waste Management, Volume 33, pp. 1403-1410. 
Kaminsky, W. & Kummer, A. B., 1989. Fluidized Bed Pyrolysis of Digested Sewage Sludge. Journal of Analytical and 
Applied Pyrolysis, Volume 16, pp. 27-35. 
Kistler, R. C., Widmer, F. & Brunner, P. H., 1987. Behaviour of Chromium, Nickel, Copper, Zinc, Cadmium, Mercury, 
and Lead during the Pyrolysis of Sewage Sludge. Environmental Science Technology, Volume 21, pp. 704-708. 
Kuligowski, K. & Poulsen, T. G., 2010. Phosphorus and Zinc Dissolution from Thermally Gasified Piggery Waste Ash 
using Sulphuric Acid. Bioresource Technology, Volume 101, pp. 5123-5130. 
Mahieux, P.Y., Aubert, J.E., Cyr, M., Coutand, M., & Husson, B., 2010. Quantitative Mineralogical Composition of 
Complex Mineral Wastes - Contribution of the Rietveld Method. Waste Management, Volume 30, pp. 378-388. 
Milieu Ltd., WRc and RPA, 2010. Study on the Environmental, Economic and Social Impacts of the use of Sewage 
Sludge on Land, Contract DB ENV.G.4/ETU/2008/0076r, s.l.: s.n. 
Mills, N., Pearce, P., Farrow, J., Thorpe, R.B. & Kirkby, N.F., 2014. Environmental & Economic Life Cycle Assessment 
of Current & Future Sewage Sludge to Energy Technologies. Waste Management, Volume 34, pp. 185-195. 
Nowak, B., Aschenbrenner, P. & Winter, F., 2013. Heavy Metal Removal from Sewage Sludge Ash and Municipal 
Solid Waste Fly Ash - A Comparison. Fuel Processing Technology, Volume 105, pp. 195-201. 
Ottosen, L. M., Kirkelund, G. M. & Jensen, P. E., 2013. Extracting Phosphorus from incinerated Sewage Sludge Ash 
Rich in Iron or Aluminium. Chemosphere, Volume 91, pp. 963-969. 
Petzet, S., Peplinski, B. & Cornel, P., 2012. On Wet Chemical Phosphorus Recovery from Sewage Sludge Ash by 
Acidic or Alkaline Leaching and an Optimized Combination of Both. Water Research, Volume 46, pp. 3769-3780. 
Pokorna, E., Postelmans, N., Jenicek, P., Schreurs, S., Carleer, R. & Yperman, J., 2009. Study of Bio-oils and Solids 
from Flash Pyrolysis of Sewage Sludges. Fuelo, Volume 88, pp. 1344-1350. 
Sustainable P Recovery from Waste  Chapter 7 
7-31 
Rink, K.K., Larsen, F.S., Kozinski, J.A., Lighty, J.S., Silcox, G.D. & Pershing, D.W., 1993. Thermal Treatment of 
Hazardous Wastes: A Comparison of Fluidized Bed and Rotary Kiln Incineration. Energy & Fuels, Volume 7, pp. 803-
813. 
Samolada, M. C. & Zabaniotou, A. A., 2014. Comparative Assessment of Municipal Sewage Sludge Incineration, 
Gasification and Pyrolysis for a Sustainable Sludge-to-energy Management in Greece. Waste Management, Volume 
34, pp. 411-420. 
Sikes, C.S., Wheeler, A.P., Wierzbicki, A., Mount, A.S. & Dillaman, R.M., 2000. Nucleation and Growth of Calcite on 
Native Versus Pryolyzed Oyster Shell Folia. The Biological Bulletin, Volume 198, pp. 50-66. 
Stammbach, M. R., Kraaz, B., Hagenbucher, R. & Richarz, W., 1989. Pyrolysis of Sewage Sludge in a Fluidized Bed. 
Energy Fuels, Volume 3, pp. 255-259. 
Stark, K., Plaza, E. & Hultman, B., 2006. Phosphorus Release from Ash, Dried Sludge and Sludge Residue from 
Supercritical Water Oxidation by Acid or Base. Chemosphere, Volume 62, pp. 827-832. 
Tyagi, V. K. & Lo, S.-L., 2013. Sludge: A Waste or Renewable Source for Energy and Resources Recovery?. 
Renewable and Sustainable Energy Reviews, Volume 25, pp. 708-728. 
Van Zomeren, A. & Comans, R. N. J., 2004. Contribution of Natural Organic Matter to Copper Leaching from 
Municipal Solid Waste Incinerator Bottom Ash. Environmental Science and Technology, Volume 38, pp. 3927-3932. 
Yuan, H., Lu, T., Huang, H., Zhao, D., Kobayashi, N. & Chen, Y., 2015. Influence of Pyrolysis Temperature on Physical 
and Chemical Properties of Biochar made from Sewage Sludge. Journal of Analytical and Applied Pyrolysis, Volume 
112, pp. 284-289. 
Zhang, F.-S., Yamasaki, S.-I. & Nanzyo, M., 2001. Application of Waste Ashes to Agricultural Land - Effect of 
Incineration on Chemical Characteristics. The Science of the Total Environment, Volume 264, pp. 205-214. 
 
7.8 Additional research 
Along with the results discussed in this chapter, additional research on the characteristics of PSSC after 
acid leaching was conducted. Results from XRD, XRF, and porosimetry analysis performed on PSSC 
samples are described in Supplementary Data Appendix C. This analysis was conducted on PSSC samples 
only because Thames Water is interested in developing a novel P recovery process using PSSC. 
 
7.9 List of Supplementary Data 
Figure C-1: P concentration in liquid at LS ratios increasing from 5 to 100 at 30 minutes contact time at 
0.19M H2SO4 acid 
Figure C-2: Concentrations of P remaining in solid after acid leaching at 30 minutes contact time at LS 
ratios 5, 10, and 20 at acid molar concentrations from 0.19M to 1M 
Figure C-3: Concentrations of macronutrients remaining in liquid remaining after acid leaching at 30 
minutes and 24 hour contact time at LS ratios 5 and 10 at acid molar concentrations 0.19M and 0.3M 
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Figure C-4: % extraction of macronutrients from solid after acid leaching at 30 minutes contact time at 
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Figure C-5: Concentrations of micronutrients remaining in liquid PSSC samples after acid leaching at 30 
minutes contact time at LS ratios 5, 10, and 20 at acid molar concentrations from 0.19M to 1M  
Figure C-6: % Cu extraction versus % Fe extraction for ISSA samples with exponential trend lines 
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at LS ratios 5, 10, and 20 at acid molar concentrations from 0.19M to 0.6M  
Figure C-13: Macronutrient % extractions from ISSA(c) after acid leaching at 30 minutes contact time at 
LS ratios 5, 10, and 20 at acid molar concentrations from 0.19M to 0.6M 
Figure C-14: Macronutrient concentrations in ISSA(c) liquid after acid leaching at 30 minutes contact 
time at LS ratios 5, 10, and 20 at acid molar concentrations from 0.19M to 0.6M  
Figure C-15: Macronutrient concentrations in ISSA(c) solid after acid leaching at 30 minutes contact time 
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Figure C-16: Concentrations of heavy metals in liquid after acid leaching at 30 minutes contact time at LS 
ratios 5, 10, and 20 at acid molar concentrations from 0.19M to 1M 
Figure C-17: Mineralogical content of PSSC after acid leaching 
Figure C-18: a) Adsorption/desorption isotherms for PSSC; b) Typical isotherm from type IV mesoporous 
materials 
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Figure C-19: a) Acid molar concentration versus average pore diameter (BET); b) Acid molar 
concentration versus total pore volume; c) Acid molar concentration versus BET surface area 
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Chapter 8: Conclusions and Discussion 
 
8.1 Conclusions 
This research was guided by the four key objectives listed below and outlined in chapter 1. This chapter 
reviews the main findings and conclusions of each objective. 
a) Monitor effects of chemical dosing in Slough WWTP on EBPR performance, PO4-P concentrations in 
centrate, and PO4-P removal rates; 
b) Evaluate the effects of chemical dosing on EBPR performance and microbial communities; 
c) Model, through a mass balance approach, the effects of P recovery on Slough WWTP as a whole, to 
assess the potential local and national consequences of P recovery; 
d) Develop novel methods of recovering P from incinerated sewage sludge ash (ISSA) and pyrolysed 
sewage sludge char (PSSC), comparing and contrasting recovery from ISSA and PSSC. 
 
8.1.1 Effects of chemical dosing on EBPR performance, PO4-P concentrations, and struvite 
recovery rates 
Simultaneous chemical P removal is commonly used in activated sludge systems to supplement EBPR, 
but excessive chemical dosing can have a negative impact on EBPR performance (de Haas, et al., 2000). 
Furthermore, excessive chemical dosing reduces recovery rates of the Ostara P recovery system. While 
there is a certain amount known on the P removal efficiencies of bench-, pilot-, and full-scale systems, 
little is known of the effect of chemical dosing on PO4-P concentrations and PO4-P recovery efficiencies. 
This study monitored the long-term effects of chemical dosing and weather conditions on EBPR 
performance and % PO4-P recovery. The key conclusions and methods used to reach those conclusions 
are reviewed below. 
Key finding a-1: Strong negative correlations between Fe concentrations and specific PO4-P release and 
specific PO4-P uptake (i.e. EBPR performance) were measured during the sampling period at Slough 
8.4 References
8.3 Discussion
8.2 Recommendations and further research
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WWTP. It is thought that reducing FeCl2 solution dosing lowers the competition between 
microorganisms and chemical salts for PO4-P, thereby improving EBPR performance at Slough WWTP. 
Reflection: Literature suggests that FeCl2 solution dosing lowers pH values, creating an environment 
which is unsuitable for the normal metabolic activity of most microorganisms in the EBPR system 
(Caravelli et al., 2010). However, pH of this EBPR sludge ranged from 6.4 to 6.9, suggesting that this 
mechanism did not affect this particular EBPR system. Correlation analysis was conducted between 
specific PO4-P release and specific PO4-P uptake, Fe concentrations, and weather conditions to 
determine which has a stronger effect on EBPR performance. This quantitative approach coupled with 
pH monitoring provides robust logic for the key finding. This finding has illuminated further on the 
interaction between chemical dosing and EBPR performance. 
 
Key finding a-2: Between 140-200 days is required for PO4-P concentrations to stabilise at the new 
higher level after FeCl2 solution dosing in the EBPR process in Slough WWTP is reduced.  
Key finding a-3: As a minimum design concentration for efficient P recovery in the Ostara system, 
centrate Fe concentrations must remain below 1.5 mg/l to ensure PO4-P concentrations exceed 100 
mg/l.  
Reflection: These conclusions are based on long term monitoring (4+ years) of centrate and Ostara P 
recovery system influent and are therefore robust although the long term results have yet to be 
reported in the open literature. Due to the reduction and occasional increase of FeCl2 solution dosing, 
thorough monitoring of the effects of Fe concentrations on PO4-P concentrations was possible. These 
findings can help inform the consistent and efficient operation of this P recovery system and possibly 
other similar systems. 
 
Key finding a-4: Fe concentrations do not directly affect % PO4-P recovery. However, Fe concentrations 
may affect PO4-P recovery indirectly by affecting PO4-P concentrations.  
Reflection: This conclusion was obtained using multiple linear regression analysis to explore the 
relationship between Fe and PO4-P concentrations and % PO4-P recovery. The results of multiple linear 
regression analysis showed that Fe concentrations were not a significant predictor of % PO4-P recovery. 
However, Fe concentrations were a significant predictor of PO4-P concentrations, leading to the key 
finding above. This method is a robust way of determining the effects of Fe on % PO4-P recovery.  
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8.1.2 Effects of chemical dosing on EBPR performance and microbial communities 
Chapter 4 monitored the effects of excessive chemical dosing on EBPR performance, whereas chapter 5 
studied the effect of chemical dosing by identifying the microorganisms responsible for good EBPR 
performance. This represents a significant contribution because few long-term studies to monitor EBPR 
performance and microbial communities have been reported in the literature. 
Key finding b-1: The phyla Proteobacteria and Actinobacteria showed positive correlations with specific 
PO4-P release and specific PO4-P uptake, showing that each plays a major role in EBPR at Slough WWTP.  
Key finding b-2: Microorganisms in the genera Simplicispira, Tetrasphaera, and Micropruina were 
present in the three highest performing specific PO4-P release and specific PO4-P uptake samples and 
each genus was strongly correlated with specific PO4-P release and specific PO4-P uptake, confirming 
that each plays an important role in EBPR performance as measured through the bio-P experiment at 
Slough WWTP. 
Key finding b-3: Bacteroidetes, Firmicutes, Acidobacteria, and Actinobacteria are reported as playing an 
important role in nutrient removal processes in literature (Ma et al., 2015). However, Bacteroidetes and 
Firmicutes were absent from highly performing EBPR samples in this study. 
Reflection: Data on specific PO4-P release and specific PO4-P uptake combined with data on microbial 
communities and EBPR sludge sampling has addressed objective B. This research aimed to provide 
insights into the phyla and genera responsible for good EBPR performance in a full-scale process and 
could be applied to improve the operation and consistency of other EBPR processes. 
 
Key finding b-4: A dramatic decrease in microbiological diversity followed by a recovery of diversity and 
simultaneous improvement of EBPR performance was measured during the sampling period at Slough 
WWTP. 
Key finding b-5: No significant correlation was found between microbiological diversity and specific PO4-
P release and specific PO4-P uptake during the bio-P experiment period at Slough WWTP. 
Key finding b-6: In Slough WWTP, Fe concentration was found to be correlated positively with 
microbiological diversity. 
Reflection: The prominent decrease in microbiological diversity and subsequent recovery with improved 
EBPR performance was an interesting and unexpected aspect of this study. The cause may be the 
mutation and adaptation of new dominant bacteria strains (Li & Jin, 2009). Most literature suggests that 
increased diversity provides improved process stability and reduces risk of EBPR failure, but correlation 
analysis shows this does not hold true for this EBPR process. Heavy metals can cause PAO infection and 
Sustainable P Recovery from Waste  Chapter 8 
8-4 
death reducing diversity (Motlagh et al., 2015), but the positive correlation between Fe concentrations 
and diversity shows this is not the case in this process. These findings have been derived from 
correlation analysis of specific PO4-P release and specific PO4-P uptake, microbial community analysis, 
diversity, and elemental analysis. The results contradict current thinking on diversity and chemical 
dosing, and therefore raise questions which need to be explored in future work. 
8.1.3 Modelling of P recovery in Slough WWTP 
The benefits of P recovery are broadly known, but there is a lack of quantification of the benefits 
especially at full-scale in WWTPs. This research has identified the benefits of full-scale P recovery in 
Slough WWTP by comparing performance before and after P recovery. Direct and indirect costs and 
savings including costs, savings and reduction in sludge volumes were evaluated. The results are 
applicable beyond the local effects of P recovery for one WWTP and reveal the broader effects of P 
recovery in a national context. 
Key finding c-1: At Slough WWTP, running the Ostara system at an average 72±7% P recovery resulted in 
8.8±0.7% total P and 20.5±3.2% PO4-P recovery as struvite fertiliser. 
Key finding c-2: The contribution of centrate to the internal recycle stream decreased from 42.1±11.8 to 
30.4±9.7% total P and from 78.6±1.6 to 47.2±3.6% PO4-P. 
Reflection: A mass balance approach enabled quantification of the benefits of P recovery. Not only does 
this approach detail the amount of P removed into struvite fertiliser product, but also indicates the 
wider benefits to the whole WWTP.  There is little information in literature reporting the wider WWTP 
benefits of P recovery. Understanding the full site benefits will increase the incentives to install P 
recovery systems to improve site operations. 
 
Key finding c-3: In Slough WWTP, total savings from reduced chemical usage, sludge cake production, 
operational and maintenance costs amount to £113K in the first year of operation of the P recovery 
system. Struvite fertiliser sales revenue amounts to £20K/year. Chemical, operational, and maintenance 
costs amount to approximately £90K/year. 
Key finding c-4: Reduced chemical dosing alone provides savings of over £65K in the first year of 
operation, including cost savings associated with reduced sludge cake production. 
Reflection: Gathering data from chemical providers, Slough WWTP and Ostara operators has allowed for 
the full savings from recovering P as struvite fertiliser to be estimated. This revenue and savings 
information can encourage the uptake of P recovery systems in WWTPs and other suitable sites. 
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Key finding c-5: Using a combination of current and new P recovery technologies should enable on 
average 15±5% P recovery from WWTPs, yielding 7.1±2.0 kt P fertiliser/year in the UK. This would 
reduce P fertiliser imports by 9.1±2.6% based on 2009 flows.  
Key finding c-6: A further 21.7±1.0 kt P/year can be recovered by incinerating sewage sludge currently 
destined for agriculture and other disposal and extracting P from the resulting ash. In total 28.0±0.9 kt 
P/year can be recovered from all WWTP waste streams, reducing P fertiliser imports by 36.2±1.1%.  
Reflection: An existing SFA model produced by Cooper and Carliell-Marquet (2012) was adapted to 
provide predictions on potential national P fertiliser production and hence estimate the possible 
reduction of UK P imports. The original SFA model is based on 2009 UK P flows and the predictions are 
estimates only but they should help to inform policies to recover P from other sources in the UK. 
 
Key finding c-7: P recovery from WWTP influent and ISSA would reduce P losses to water bodies by 
21.7±1.9% based on 2009 P flows. 
Reflection: This result, based on the adapted SFA model, shows the broader beneficial environmental 
impacts of P recovery in the UK. It is important to highlight that P recovery does not just bring cost 
savings and revenue to those recovering P, but also benefits the environment too. 
 
8.1.4 Compare and contrast P recovery from ISSA and PSSC 
This research compares and contrasts the physical and chemical characteristics of ISSA and PSSC for the 
purposes of P recovery with a view to producing a P rich fertiliser. The leaching of nutrients from PSSC 
has not previously been explored, so applying current methods to release P from ISSA to PSSC adds a 
novel aspect to this research. Interest in P recovery from PSSC will increase as pyrolysis is increasingly 
viewed as more economical than incineration for thermal treatment of sewage sludge. 
Key finding d-1: PSSC samples contain significantly more N and less Cd, Hg, and Pb than ISSA samples for 
the processes and sludges under investigation. 
Key finding d-2: In the processes investigated, P concentrations in sludge are enriched by 7.9, 6.7, and 
2.5 times in ISSA(b), ISSA(c) and PSSC, respectively. Cd concentrations decrease by half during pyrolysis, 
but increase significantly by 5.0 and 5.4 times in ISSA(b) and ISSA(c), respectively.  
Reflection: During incineration N is oxidised lowering concentrations in resulting ISSA samples. During 
pyrolysis heavy metals, such as Cd and Hg are volatilised and are therefore not present in the remaining 
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PSSC. These results were obtained by elemental analysis of each sample. This research highlights the 
benefits of P recovery from PSSC over ISSA, i.e. PSSC contains additional nutrients and less heavy metals 
due to the process conditions. 
 
Key finding d-3: PSSC and ISSA used in this research each contain significant quantities of whitlockite-
like compounds. However, PSSC contains calcite and greater amounts of whitlockite-like compounds 
compared to ISSA. ISSA samples contain significantly more quartz than PSSC. 
Reflection: The differences in mineralogy of ISSA and PSSC result from to the excess/lack of oxygen in 
each process. Conducting XRD analysis has highlighted the similarities and differences between samples. 
This information was used to explain the differences in acid leaching behaviours and could be exploited 
further to release more P from solids. 
 
Key finding d-4: 30 minutes contact time at a liquid/solid ratio of 10 are optimum conditions to release 
P from solids into liquid solution. 
Reflection: Elemental analysis of liquid following acid leaching showed that more than 30 minutes 
contact time did not achieve greater P release. This is because whitlockite, as detected in XRD analysis, 
is readily dissolvable in acid (Donatello et al., 2010). Comparing three LS ratios, elemental analysis 
showed that LS 10 is optimum as it achieves both sufficient P concentrations in the liquid phase and 
sufficient P extraction from the solid. Lower LS ratios are preferred for a full scale P recovery process 
because less acid volume is required reducing costs. 
 
Key finding d-5: % P extraction from the solid increases with acid concentration, but reaches a plateau 
at different acid concentrations for these ISSA and PSSC samples: 0.6M H2SO4 acid for ISSA, compared to 
0.8M H2SO4 acid for PSSC. 
Reflection: The plateau in % extraction is due to the formation of gypsum around solids, which prevents 
acid reaching the particle core, reducing dissolution (Cohen, 2009). Due to the lower surface area of 
PSSC, higher acid concentrations were required to dissolve nutrients contained within PSSC particles. 
The highest % P extractions were achieved for PSSC, which may be due to its higher whitlockite content 
compared to ISSA. These conclusions follow from elemental analysis, % extraction calculations, and XRD 
analysis. This is an interesting finding which shows there is little benefit in using strong acid molar 
concentrations to extract P from either ISSA or PSSC. 
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Key finding d-6: In the samples examined, Fe dissolves more readily from PSSC compared to ISSA. 
However, other heavy metals in PSSC are more resistant to dissolution. 
Reflection: Due to the lack of oxygen in the pyrolysis process, Fe did not transform into an iron oxide, 
but remained in its more soluble whitlockite form. Heavy metals are highly immobile in PSSC due to its 
well buffered alkaline properties which incorporate metals more strongly into the PSSC particle matrix 
compared to ISSA. This result was found by elemental analysis of solids and liquids after acid leaching. 
This finding highlights the considerations and benefits to be made when recovering P from PSSC over 
ISSA. 
 
8.2 Recommendations and further research 
While addressing the objectives of this research, various additional questions and research paths have 
been raised. 
1. Methods used here to measure effects of chemical dosing on EBPR performance, PO4-P 
concentrations, and PO4-P recovery rates should be replicated in other WWTPs, to determine 
whether these results are specific to Slough WWTP or can be generalised for other WWTPs. 
2. Specific PO4-P release and specific PO4-P uptake of EBPR should be conducted in other WWTPs 
to create a database to compare EBPR processes with good and poor performances. 
3. Microorganisms reported to correlate with good EBPR performance might be isolated to create 
an ideal microbial population mix to achieve improved EBPR performance. 
4. After continuous operation of the Ostara P recovery system, the whole Slough WWTP streams 
should be sampled and results input into a new mass balance to show the extent of P recovery 
actually achieved for comparison with the theoretical mass balance established in this study. 
5. The revenue and savings made by recovering P can be re-estimated after 5 years operation or 
used to calculate the return on investment of P recovery. 
6. Acid leaching, XRD and elemental analysis of PSSC should be repeated using sludge produced at 
Crossness or Beckton WWTP to provide better comparison of ISSA and PSSC samples. 
7. Acid leaching experiments should be repeated using crushed PSSC samples to determine if 
greater surface area increases extraction of nutrients and metals. 
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8.3 Discussion 
Each of the four key objectives of this research combines to address the topic of sustainable P recovery 
from waste. Sustainable development is development that meets the needs of the present, without 
compromising the ability of future generations to meet their own needs (United Nations, 1987). It is 
clear that the concept of sustainable development is appropriate when considering the current global 
use of P. Demand for P fertiliser is projected to increase 2.5% every year for the next 5 years 
(Prud'homme, et al., 2014). As the population increases it is expected that P fertiliser usage will increase 
in order to grow enough crops to feed everyone (Franz, 2008). As the future of mined P resources is of 
concern, it is important to decouple population growth and mined P extraction to ensure P availability 
for future generations. Population growth and P extraction can be decoupled by improving P use 
efficiency and by recovering P from other sources, i.e. waste. This research project focuses on the 
efforts to create new sources of P from waste. This project ultimately aims to improve the 
understanding and thereby increase the uptake of P recovery technologies. Increasing the amount of P 
recovery from waste across the globe will eventually have the effect of decoupling population growth 
and mined P extraction. Developing the technology and infrastructure to recover P from waste can 
ensure future generations have alternative sources of P rather than mining alone.  
Reducing future demand for mined P by instead recovering from waste has benefits for each of the 
three pillars of sustainability: environmental, economic, and social. In recovering P from wastewater, 
water utilities meet their environmental responsibility of removing P from wastewater and their 
economic responsibility of producing revenue for the business. In addition to this, water utilities 
recovering P perform a social role by offering alternative sources of P. While ensuring the economic 
benefits of recovery, water utilities have a voluntary responsibility to ensure the recovered P product 
has no adverse effects on the environment and society. It is important to ensure the P recovered as a 
slow release fertiliser. If the recovered P is readily leachable in soil, pollution of water bodies in 
agricultural areas will be worsened and the benefits for the industrial ecology of P insignificant (Clift & 
Shaw, 2011). It is a responsible action to ensure the pollution of water bodies is not exacerbated by the 
production of recovered P fertiliser. This precaution has little to do with economics of businesses and 
more to do with the environmental and social aspects of P recovery. Water companies also have a social 
responsibility to improve the understanding of recovered fertiliser. There is a danger of public backlash 
against crops grown using fertiliser recovered from waste which can act against true long-term 
sustainability of P recovery. 
Figure 6-15 of chapter 6 describes the local and national effects of recovering P from waste. Each of 
these effects can be attributed to environmental, economic, and social aspects of sustainability as seen 
in Table 8-1. Some of these effects fit into two or more aspects of sustainability.  
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Table 8-1: Table showing environmental, economic, and social aspects of P sustainability as shown in Figure 6-15 
Environmental Economic Social 
 Reduce chemical dosing –  reduces cost 
for WWTP 
 
Reduce P recycle in WWTP – ensures 
regulatory discharge consents are met 
reducing eutrophication risk 
Reduce P recycle in WWTP – reduces 
amount of P to be removed, improving 
operations 
 
Divert sewage sludge from land & 
landfill – reduces eutrophication risk  
Divert sewage sludge from land & 
landfill – reduce transport costs 
 
Struvite fertiliser – slow release 
fertiliser that reduces eutrophication 
risk 
Struvite fertiliser – improves WWTP 
operation due to reduced P load 
 
 Revenue from fertiliser sale  
Reduce load to BNR – ensures discharge 
consents are met 
Reduce load to BNR – improves BNR 
process operation 
 
 Reduce struvite fouling in pumps & 
pipes – reduces costs and improves 
WWTP operation 
 
Reduce sludge cake P – reduces 
eutrophication risk 
  
 Reduce sludge volume – reduced 
transport costs 
 
 Chemical cost savings  
 Reduce sludge handling to land costs  
Reduce energy required to pump sludge 
through pipe network 
Reduce energy required to pump sludge 
through pipe network 
 
 Operations and maintenance savings  
 Reduce maintenance to remove 
struvite from pipes and pumps 
 
Meet P discharge consent more easily Meet P discharge consent more easily  
Increased P land management options   
 Reduce UK vulnerability to P prices Reduce UK vulnerability to P prices 
Reduce UK P fertiliser imports – reduce 
carbon footprint to import fertiliser 
Reduce UK P fertiliser imports – reduce 
cost to import fertiliser 
 
  Produce national P fertiliser stock – 
create new UK jobs 
Improve P use efficiency – reduces 
eutrophication risk 
Improve P use efficiency – reduces 
fertiliser demand 
 
Help close national P loop   
Reduce eutrophication   
Reduce P loss to landfill   
Reduce demand for mined P   
Reduce carbon footprint from fertiliser 
imports 
  
  More P available for other countries – 
equity of P supply 
 
The concept of sustainability is present throughout each chapter of this thesis. Chapter 4 describes the 
economic aspects of reducing chemical dosing to ensure the efficient recovery of P. The bio-P 
experiment as discussed in chapter 4 addresses the environmental aspect of ensuring P is removed from 
the wastewater. Chapter 5 focuses on the environmental aspects of improving EBPR operations to meet 
discharge consents and the microorganisms responsible.  By evaluating the local and national effects of 
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P recovery, chapter 6 encompasses environmental, economic, and social sustainability. Ensuring 
regulatory discharge consents are met, along with the costs, savings, and revenue associated with P 
recovery are discussed in chapter 6. This chapter also includes discussion on the potential to improve 
the uptake of P recovery by the government and key stakeholders. Chapter 7 is focused on a technical 
aspect of P recovery by leaching, the reporting of macro- and micro-nutrients along with heavy metal 
content addresses the environmental concerns of producing a fertiliser.  
This research has shown the potential to influence the environmental, economic, and social aspects of 
global P use. Results from this research can be used to influence decision makers in the water industry 
and government to increase efforts in P recovery from waste. Indeed, more work needs to be conducted 
to further improve global P use efficiency and recovery from waste. P recovery, practiced on a global 
scale, can create an effective change in current P supply system and help close the P loop. 
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Figure A-1 a) Process flow diagram of Slough WWTP; b) Three stage Bardenpho configuration of EBPR at Slough WWTP 
showing FeCl2 solution dosing point 
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Figure A-2: Collated results from individual EBPR performance (bio-P) experiments 
 
 
Figure A-3: Heat map of phyla abundance at increasing diversity 
 
0
10
20
30
40
50
60
70
0 30 60 90 120 150 180 210 240
P
O
4
-P
 c
o
n
ce
n
tr
at
io
n
 (
m
g/
l)
Time (minutes)
Day 0 Day 30 Day 44 Day 56 Day 72 Day 86 Day 99
Day 114 Day 125 Day 141 Day 155 Day 169 Day 182 Day 196
Day 217 Day 232 Day 349 Day 385 Day 415
Diversity 2.1 2.3 2.7 2.8 2.9 3.4 3.5 4.7 4.7 4.9 5.0 5.0 5.1 5.1 5.3 5.3 5.3 5.3 5.3 5.4 5.4 5.5 5.5 5.5 5.6 5.7 6.0 6.0 6.1 6.1 6.4 6.5
Acidobacteria 0 0 0 0 0 0 0 2 0 4 9 3 6 22 22 3 3 7 11 10 14 3 32 9 11 8 9 0 0 16 0 0
Actinobacteria 0 0 0 0 0 0 6 51 61 40 47 51 48 17 30 50 53 27 14 10 4 69 11 41 28 21 23 20 53 16 21 27
Bacteroidetes 0 0 0 0 0 0 0 0 0 4 0 3 0 9 0 0 3 7 11 0 0 3 5 0 0 0 5 10 0 11 0 0
Chloroflexi 0 0 0 0 0 0 0 2 3 4 6 6 0 0 17 22 0 20 14 10 32 7 11 18 28 33 14 0 0 0 0 18
Firmicutes 39 32 30 21 60 14 52 5 8 4 9 3 9 13 0 3 7 0 7 5 4 3 16 0 0 0 0 0 0 0 0 0
Proteobacteria 61 68 70 79 40 86 42 39 28 42 29 34 36 39 30 22 33 40 43 65 46 14 26 32 33 38 50 70 47 58 79 55
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Figure A-4: Heat map of genera abundance at increasing diversity 
 
 
Figure A-5: Heat map of genera abundance at increasing Fe concentrations 
 
 
Figure A-6: Heat map of phylum abundance at increasing specific PO4-P release and specific PO4-P uptake 
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Aestuariimicrobium 0 0 0 0 0 0 0 22 42 18 32 34 24 0 13 13 23 0 11 10 4 31 5 18 11 4 5 10 16 11 0 0
Alkalispiril lum 0 0 0 0 0 0 0 0 3 0 0 6 3 17 0 3 0 0 4 0 4 3 0 0 0 0 0 0 5 0 21 0
Allokutzneria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 13 4 0 0 0 5 5 0 8 9 0 0 0 0 0
Atopostipes 0 0 0 0 0 0 0 2 8 2 9 3 9 9 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0
Blastomonas 0 0 0 0 0 0 0 2 3 0 0 0 0 0 0 0 0 13 0 10 4 0 5 5 0 4 0 0 0 5 0 0
Caenimonas 0 0 0 0 0 0 0 2 0 4 3 3 3 0 0 6 0 0 11 0 0 0 0 0 0 4 5 0 5 5 0 0
Caldilinea 0 0 0 0 0 0 0 2 3 2 3 6 0 0 4 9 0 0 0 0 11 3 11 9 0 13 5 0 0 0 0 0
Clostridium XI 3 4 6 5 2 6 4 2 0 2 0 0 0 4 0 3 7 0 7 5 0 3 16 0 0 0 0 0 0 0 0 0
Dechloromonas 0 0 0 0 2 0 2 7 6 4 0 6 0 0 0 3 7 0 0 0 0 0 0 0 0 0 0 20 11 0 36 9
Derxia 0 0 0 0 0 0 0 5 0 7 0 3 0 0 4 0 7 0 0 0 0 0 0 5 6 0 5 0 0 0 0 0
Dokdonella 0 0 0 0 0 0 0 0 3 2 6 0 9 0 0 3 0 0 4 10 7 0 5 5 0 8 5 5 0 21 0 18
Dongia 0 0 0 0 0 0 0 2 3 4 6 0 3 4 0 0 0 0 0 10 4 0 0 0 6 0 5 5 0 0 0 0
Elioraea 0 0 0 0 0 0 0 5 0 0 0 6 0 0 9 0 10 0 4 5 4 0 0 0 0 0 5 5 0 0 0 0
Geothrix 0 0 0 0 0 0 0 2 0 4 9 0 6 17 17 0 0 0 0 10 11 0 26 5 11 4 0 0 0 5 0 0
Gp4 0 0 0 0 0 0 0 0 0 0 0 3 0 4 4 3 3 7 11 0 4 3 5 5 0 4 9 0 0 11 0 0
Ideonella 0 0 0 0 0 0 0 0 3 2 6 0 3 4 9 3 3 0 7 5 4 3 0 0 0 4 5 5 0 0 0 0
Ilumatobacter 0 0 0 0 0 0 0 7 0 4 6 0 6 9 0 3 7 0 0 0 0 10 0 0 6 4 0 0 0 0 7 0
Lactobacillus 36 28 23 16 58 8 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Longilinea 0 0 0 0 0 0 0 0 0 2 3 0 0 0 13 13 0 20 14 10 21 3 0 9 28 21 9 0 0 0 0 18
Lutibaculum 0 0 0 0 0 0 0 0 0 2 0 6 0 0 0 3 0 7 4 0 4 0 0 9 0 8 9 5 0 0 0 0
Methylorosula 0 0 0 0 0 0 0 0 0 2 3 0 3 0 0 0 0 13 0 0 4 0 11 0 0 0 9 0 0 5 0 0
Micropruina 0 0 0 0 0 0 2 5 0 4 0 6 0 0 0 0 3 0 0 0 0 0 0 5 0 0 0 0 5 0 0 0
Ochrobactrum 61 68 70 79 39 86 40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 20 11 11 0 27
Rhodobacter 0 0 0 0 0 0 0 12 3 7 3 3 12 0 0 0 3 0 7 5 7 3 0 5 6 4 0 0 0 0 0 0
Simplicispira 0 0 0 0 0 0 0 0 0 2 0 0 0 4 0 0 0 0 0 10 0 0 0 0 0 0 0 5 11 0 21 0
Sphingorhabdus 0 0 0 0 0 0 0 2 6 4 3 3 0 9 9 0 3 7 4 10 7 3 5 5 17 4 5 0 5 11 0 0
Terrimonas 0 0 0 0 0 0 0 0 0 4 0 3 0 9 0 0 3 7 11 0 0 3 5 0 0 0 5 10 0 11 0 0
Tetrasphaera 0 0 0 0 0 0 4 17 19 13 9 11 18 9 17 28 20 13 0 0 0 28 0 14 11 4 9 10 32 5 14 27
Iron (mg/kg) 11617 13331 16109 17639 18681 18828 18868 19870 20040 20082 20355 20370 20718 20840 21064 21155 21599 22171 22215 22340 22536 22556 22707 22736 24425 24620 25894 30716
Aestuariimicrobium 0 16 0 0 0 23 31 13 0 42 0 34 32 0 0 0 0 22 4 0 5 18 5 18 10 11 11 10
Alkalispiril lum 0 5 0 21 0 0 3 0 0 3 0 6 0 0 0 0 17 0 0 0 0 0 0 0 0 0 4 0
Allokutzneria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 13 9 0 5 5 0 0 4 0
Atopostipes 0 0 0 0 0 0 0 0 0 8 0 3 9 0 0 0 9 2 0 0 0 2 0 0 0 0 0 0
Blastomonas 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 2 4 13 0 0 5 5 10 5 0 0
Caenimonas 0 5 0 0 0 0 0 0 0 0 0 3 3 0 0 0 0 2 4 0 5 4 0 0 0 5 11 0
Caldilinea 0 0 0 0 0 0 3 4 0 3 0 6 3 0 0 0 0 2 13 0 5 2 11 9 0 0 0 0
Clostridium XI 4 0 0 0 6 7 3 0 5 0 3 0 0 6 2 4 4 2 0 0 0 2 16 0 5 0 7 0
Dechloromonas 0 11 9 36 0 7 0 0 0 6 0 6 0 0 2 2 0 7 0 0 0 4 0 0 0 0 0 20
Derxia 0 0 0 0 0 7 0 4 0 0 0 3 0 0 0 0 0 5 0 0 5 7 0 5 0 0 0 0
Dokdonella 0 0 18 0 0 0 0 0 0 3 0 0 6 0 0 0 0 0 8 0 5 2 5 5 10 21 4 5
Dongia 0 0 0 0 0 0 0 0 0 3 0 0 6 0 0 0 4 2 0 0 5 4 0 0 10 0 0 5
Elioraea 0 0 0 0 0 10 0 9 0 0 0 6 0 0 0 0 0 5 0 0 5 0 0 0 5 0 4 5
Geothrix 0 0 0 0 0 0 0 17 0 0 0 0 9 0 0 0 17 2 4 0 0 4 26 5 10 5 0 0
Gp4 0 0 0 0 0 3 3 4 0 0 0 3 0 0 0 0 4 0 4 7 9 0 5 5 0 11 11 0
Ideonella 0 0 0 0 0 3 3 9 0 3 0 0 6 0 0 0 4 0 4 0 5 2 0 0 5 0 7 5
Ilumatobacter 0 0 0 7 0 7 10 0 0 0 0 0 6 0 0 0 9 7 4 0 0 4 0 0 0 0 0 0
Lactobacillus 28 0 0 0 8 0 0 0 16 0 36 0 0 23 58 48 0 0 0 0 0 0 0 0 0 0 0 0
Longilinea 0 0 18 0 0 0 3 13 0 0 0 0 3 0 0 0 0 0 21 20 9 2 0 9 10 0 14 0
Lutibaculum 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 8 7 9 2 0 9 0 0 4 5
Methylorosula 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 13 9 2 11 0 0 5 0 0
Micropruina 0 5 0 0 0 3 0 0 0 0 0 6 0 0 0 2 0 5 0 0 0 4 0 5 0 0 0 0
Ochrobactrum 68 11 27 0 86 0 0 0 79 0 61 0 0 70 39 40 0 0 0 0 0 0 0 0 0 11 0 20
Rhodobacter 0 0 0 0 0 3 3 0 0 3 0 3 3 0 0 0 0 12 4 0 0 7 0 5 5 0 7 0
Simplicispira 0 11 0 21 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 2 0 0 10 0 0 5
Sphingorhabdus 0 5 0 0 0 3 3 9 0 6 0 3 3 0 0 0 9 2 4 7 5 4 5 5 10 11 4 0
Terrimonas 0 0 0 0 0 3 3 0 0 0 0 3 0 0 0 0 9 0 0 7 5 4 5 0 0 11 11 10
Tetrasphaera 0 32 27 14 0 20 28 17 0 19 0 11 9 0 0 4 9 17 4 13 9 13 0 14 0 5 0 10
Specific P Release (mg PO4-P/g VSS) 0.3 0.6 0.9 1.3 1.4 1.5 1.5 1.8 2.1 2.4 2.5 2.5 2.9 3.4 3.5 4.3 5.3 7.2
Acidobacteria 4 14 3 3 32 0 7 6 0 0 0 22 9 0 0 0 0 0
Actinobacteria 40 4 50 53 11 20 27 48 0 61 0 30 23 0 6 21 27 53
Bacteroidetes 4 0 0 3 5 10 7 0 0 0 0 0 5 0 0 0 0 0
Chloroflexi 4 32 22 0 11 0 20 0 0 3 0 17 14 0 0 0 18 0
Firmicutes 4 4 3 7 16 0 0 9 60 8 39 0 0 14 52 0 0 0
Proteobacteria 42 46 22 33 26 70 40 36 40 28 61 30 50 86 42 79 55 47
Specific P Uptake (mg PO4-P/g VSS) 1.9 2.4 3.0 3.3 3.5 3.7 3.8 4.0 4.1 4.1 4.2 4.5 5.3 5.5 7.1 7.5 7.8 13.7
Acidobacteria 3 14 0 0 32 4 3 9 6 7 0 0 0 0 0 22 0 0
Actinobacteria 50 4 20 0 11 40 53 23 48 27 0 6 61 0 21 30 27 53
Bacteroidetes 0 0 10 0 5 4 3 5 0 7 0 0 0 0 0 0 0 0
Chloroflexi 22 32 0 0 11 4 0 14 0 20 0 0 3 0 0 17 18 0
Firmicutes 3 4 0 60 16 4 7 0 9 0 39 52 8 14 0 0 0 0
Proteobacteria 22 46 70 40 26 42 33 50 36 40 61 42 28 86 79 30 55 47
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Figure A-7: Relationship between Actinobacteria, α-Proteobacteria, β-Proteobacteria, Bacilli, and γ-Proteobacteria over time 
 
 
Figure A-8: Relationship between diversity and average rainfall over time 
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Figure A-9: Heat map of order abundance at increasing specific PO4-P release and specific PO4-P uptake 
 
 
 
 
Specific P Release (mg PO4-P/g VSS) 0.3 0.6 0.9 1.3 1.4 1.5 1.5 1.8 2.1 2.4 2.5 2.5 2.9 3.4 3.5 4.3 5.3 7.2
Acidobacteria_Gp4 0 4 3 3 5 0 7 0 0 0 0 4 9 0 0 0 0 0
Actinobacteria 40 4 50 53 11 20 27 48 0 61 0 30 23 0 6 21 27 53
Alphaproteobacteria 20 32 3 17 21 35 40 18 39 14 61 17 32 86 40 0 27 16
Anaerolineae 2 21 13 0 0 0 20 0 0 0 0 13 9 0 0 0 18 0
Bacill i 2 4 0 0 0 0 0 9 58 8 36 0 0 8 48 0 0 0
Betaproteobacteria 20 4 13 17 0 30 0 6 2 8 0 13 14 0 2 57 9 26
Caldilineae 2 11 9 0 11 0 0 0 0 3 0 4 5 0 0 0 0 0
Clostridia 2 0 3 7 16 0 0 0 2 0 3 0 0 6 4 0 0 0
Gammaproteobacteria 2 11 6 0 5 5 0 12 0 6 0 0 5 0 0 21 18 5
Holophagae 4 11 0 0 26 0 0 6 0 0 0 17 0 0 0 0 0 0
Sphingobacteriia 4 0 0 3 5 10 7 0 0 0 0 0 5 0 0 0 0 0
Specific P Uptake (mg PO4-P/g VSS) 1.9 2.4 3.0 3.3 3.5 3.7 3.8 4.0 4.1 4.1 4.2 4.5 5.3 5.5 7.1 7.5 7.8 13.7
Acidobacteria_Gp4 3 4 0 0 5 0 3 9 0 7 0 0 0 0 0 4 0 0
Actinobacteria 50 4 20 0 11 40 53 23 48 27 0 6 61 0 21 30 27 53
Alphaproteobacteria 3 32 35 39 21 20 17 32 18 40 61 40 14 86 0 17 27 16
Anaerolineae 13 21 0 0 0 2 0 9 0 20 0 0 0 0 0 13 18 0
Bacill i 0 4 0 58 0 2 0 0 9 0 36 48 8 8 0 0 0 0
Betaproteobacteria 13 4 30 2 0 20 17 14 6 0 0 2 8 0 57 13 9 26
Caldilineae 9 11 0 0 11 2 0 5 0 0 0 0 3 0 0 4 0 0
Clostridia 3 0 0 2 16 2 7 0 0 0 3 4 0 6 0 0 0 0
Gammaproteobacteria 6 11 5 0 5 2 0 5 12 0 0 0 6 0 21 0 18 5
Holophagae 0 11 0 0 26 4 0 0 6 0 0 0 0 0 0 17 0 0
Sphingobacteriia 0 0 10 0 5 4 3 5 0 7 0 0 0 0 0 0 0 0
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Table B-1: Flows in Slough WWTP. Letters relate to those detailed in Figure 6-2 
Sampling Points Flow±St.Dev (m3/day) 
A – Crude sewage 60822±8854 
B – Crude sewage + recycle stream 62412±9483 
C – Primary settlement tank effluent liquid 61563±9354 
D – Primary settlement tank effluent sludge 849±129 
E – Picket fence thickener sludge 451±27 
F – Picket fence thickener dewatering liquors 398±102 
G – Imported sludge 232±111 
H – Final effluent 60822±8854 
J – Surplus activated sludge (SAS) 585±356 
K – SAS belt sludge 99±53 
L – SAS belt dewatering liquors 493±306 
M – Sludge feed to anaerobic digestion 782±161 
N – Anaerobic digestion sludge 736±232 
O – Sludge cake 36±17 
P – Centrifuge centrate 700±221 
Q – Struvite fertiliser (Only for P recovery) 1±0.5 
R – P recovery return stream (Only for P recovery) 699±97 
S – Recycle stream to head of works 1590±629 
 
Table B-2: Effect of P Recovery on UK P Flows 
All units kt P/year Cooper & 
Carliell-
Marquet, 
(2012) [No P 
recovery] 
WWTP WWTP & ISSA WWTP & ISSA 
& Compost 
WWTP & ISSA 
& Compost & 
Agriculture 
Total Imports 138.0 130.95±2.01 126.72±1.81 124.11±1.67 109.96±0.89 
Total Exports 23.5 23.08±0.12 23.08±0.12 22.95±0.12 20.60±0.00 
Recovered Fertiliser 0.0 7.05±2.01 11.28±1.81 13.89±1.67 28.04±0.89 
Fertiliser 77.5 77.5±0.00 77.5±0.00 77.5±0.00 77.5±0.00 
Agricultural Land 268.5 260.37±2.32 260.37±2.32 257.90±2.18 212.79±0.00 
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Crops & Fodder 218.0 211.40±1.88 211.40±1.88 209.39±1.77 172.77±0.00 
Animals 200.0 194.55±1.55 194.55±1.55 192.89±1.46 162.69±0.00 
Food & Feed 177.5 173.33±1.19 173.33±1.19 172.06±1.11 148.93±0.00 
Humans 31.0 30.26±0.21 30.26±0.21 30.04±0.20 26.00±0.00 
Non-Food Applications 40.0 39.62±0.10 39.62±0.10 39.50±0.10 37.42±0.00 
Waste 21.0 20.50±0.14 20.50±0.14 20.35±0.13 17.62±0.00 
WWTW 55.0 46.99±2.29 46.98±2.29 46.73±2.26 42.13±1.84 
Compost/Other Disposal 9.5 8.85±0.19 8.85±0.19 5.82±0.03 5.03±0.00 
Background 2.0 1.95±0.02 1.95±0.02 1.94±0.01 1.68±0.00 
Incineration/Landfill 16.5 15.44±0.31 0.00 0.00 0.00 
Incineration 0.0 0.00 4.23±0.21 7.65±0.37 24.13±1.05 
Landfill 0.0 0.00 11.21±0.10 11.43±0.11 11.64±0.11 
Water Bodies 41.5 37.56±1.12 37.56±1.12 37.30±1.10 32.50±0.78 
I1 - Imported Feed & Food 36.5 36.5±0.00 36.5±0.00 36.5±0.00 36.5±0.00 
I2 - Imported Non-Food 
Commodities 
24.0 24.00±0.00 24.00±0.00 24.00±0.00 24.00±0.00 
I3 - Imported Fertiliser 77.5 70.45±2.01 66.22±1.81 63.61±2.26 49.46±0.89 
E1 - Exported Food & Feed 18.0 17.58±0.12 17.58±0.12 17.45±0.12 15.10±0.00 
E2 - Exported Non-Food 
Commodities 
n/a n/a n/a n/a n/a 
E3 - Exported Fertiliser 5.5 5.5±0.00 5.5±0.00 5.5±0.00 5.5±0.00 
F1 - Fertiliser Application 72.0 72.00±0.00 72.00±0.00 72.00±0.00 72.00±0.00 
F2 - Crop Uptake 218.0 211.40±1.88 211.40±1.88 209.39±1.77 172.77±0.00 
F3 - Animal Grazing 110.0 106.67±0.95 106.67±0.95 105.66±0.89 87.18±0.00 
F4 - Animal Manure 167.0 162.45±1.29 162.45±1.29 161.07±1.22 135.84±0.00 
F5 - Crop Products 108.0 104.73±0.93 104.73±0.93 103.73±0.88 85.59±0.00 
F6 - Animal Products 33.0 32.10±0.25 32.10±0.25 31.83±0.24 26.84±0.00 
F7 - Seeds & Planting 
Material 
2.0 1.96±0.01 1.96±0.01 1.94±0.02 1.68±0.00 
F8 - Animal Feed 90.0 87.88±0.61 87.88±0.61 87.23±0.56 75.51±0.00 
F9 - Human Food 
Consumption 
31.0 30.26±0.21 30.26±0.21 30.04±0.70 26.00±0.00 
F10 - Human Excreta to 
WWTW 
29.0 28.31±0.19 28.31±0.19 28.10±0.19 24.33±0.00 
F11 - Other Disposal of 
Human Excreta 
2.0 1.95±0.02 1.95±0.02 1.94±0.01 1.68±0.00 
F12 - Non-Food 
Commodities 
16.0 15.62±0.11 15.62±0.11 15.50±0.10 13.42±0.00 
F13 - Non-Food Wastes to 
WWTW 
24.0 23.77±0.06 23.77±0.06 23.72±0.06 22.45±0.00 
F14 - Food & Feed 
Processing Waste 
21.0 20.50±0.14 20.50±0.14 20.35±0.13 17.62±0.00 
F15 - Recycled Slaughter 2.0 1.95±0.02 1.95±0.02 1.94±0.01 1.68±0.00 
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Waste 
F16 - Waste for Composting 
or Other Disposal 
6.0 5.86±0.04 5.86±0.04 5.82±0.03 5.03±0.00 
F17 - Waste for Incineration 
and/or Landfill 
11.0 10.74±0.08 10.74±0.08 10.66±0.07 9.23±0.00 
F18 - Food Waste to Sewers 2.0 1.95±0.02 1.95±0.02 1.94±0.01 1.68±0.00 
F19 - Sewage Sludge to 
Agriculture 
22.5 19.22±0.94 19.22±0.94 19.12±0.93 0.00 
F20 - Sewage Sludge for 
Compost or Other Disposal 
3.5 2.99±0.15 2.99±0.15 0.00 0.00 
F21 - SS to Incineration 
and/or Landfill 
5.5 4.7±0.31 4.7±0.23 7.64±0.37 24.13±1.05 
F22 - WWTW Final Effluent 23.5 20.08±0.98 20.08±0.98 19.97±0.97 18.00±0.79 
F23 - Non-Farm Manures 3.0 2.79±0.06 2.79±0.06 1.84±0.01 1.60±0.01 
F24 - Agricultural Losses to 
Water 
13.0 12.60±0.11 12.60±0.11 12.48±0.11 10.30±0.01 
F25 - Background Losses to 
Water 
2.0 4.88±0.03 4.88±0.03 4.84±0.04 4.19±0.00 
F26 - Recovery from WWTP 0.0 7.05±2.01 7.05±2.01 7.01±2.01 6.32±1.84 
F27 - Recovery from ISSA 0.0 0.00 4.23±0.21 6.89±0.34 21.71±0.95 
F27 - Incineration Wastes 0.0 0.00 0.42±0.02 0.77±0.04 2.41±0.11 
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Figure C-1: P concentration in liquid at LS ratios increasing from 5 to 100 at 30  minutes contact time at 0.19M H2SO4 acid 
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Figure C-2: Concentrations of P remaining in solid after acid leaching at 30 minutes contact time at LS ratios 5, 10, and 20 at 
acid molar concentrations from 0.19M to 1M 
 
 
Figure C-3: Concentrations of macronutrients remaining in liquid remaining after acid leaching at 30 minutes and 24 hour 
contact time at LS ratios 5 and 10 at acid molar concentrations 0.19M and 0.3M 
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Figure C-4: % extraction of macronutrients from solid after acid leaching at 30 minutes contact time at LS ratios 5, 10, and 20 
at acid molar concentrations from 0.19M to 1M 
 
 
Figure C-5: Concentrations of micronutrients remaining in liquid PSSC samples after acid leaching at 30 minutes contact time 
at LS ratios 5, 10, and 20 at acid molar concentrations from 0.19M to 1M 
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Figure C-6: % Cu extraction versus % Fe extraction for ISSA samples with exponential trend lines 
 
Figure C-7: Macronutrient % extractions from PSSC after acid leaching at 30 minutes contact time at LS ratios 5, 10, and 20 at 
acid molar concentrations from 0.19M to 1M 
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Figure C-8: Macronutrient concentrations in PSSC liquid after acid leaching at 30 minutes contact time at LS ratios 5, 10, and 
20 at acid molar concentrations from 0.19M to 1M 
 
Figure C-9: Macronutrient concentrations in PSSC solid after acid leaching at 30 minutes contact time at LS ratios 5, 10, and 
20 at acid molar concentrations from 0.19M to 1M 
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Figure C-10: Macronutrient % extractions from ISSA(b) after acid leaching at 30 minutes contact time at LS ratios 5, 10, and 
20 at acid molar concentrations from 0.19M to 0.6M 
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Figure C-11: Macronutrient concentrations in ISSA(b) liquid after acid leaching at 30 minutes contact time at LS ratios 5, 10, 
and 20 at acid molar concentrations from 0.19M to 0.6M 
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Figure C-12: Macronutrient concentrations in ISSA(b) solid after acid leaching at 30 minutes contact time at LS ratios 5, 10, 
and 20 at acid molar concentrations from 0.19M to 0.6M 
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Figure C-13: Macronutrient % extractions from ISSA(c) after acid leaching at 30 minutes contact time at LS ratios 5, 10, and 20 
at acid molar concentrations from 0.19M to 0.6M 
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Figure C-14: Macronutrient concentrations in ISSA(c) liquid after acid leaching at 30 minutes contact time at LS ratios 5, 10, 
and 20 at acid molar concentrations from 0.19M to 0.6M 
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Figure C-15: Macronutrient concentrations in ISSA(c) solid after acid leaching at 30 minutes contact time at LS ratios 5, 10, 
and 20 at acid molar concentrations from 0.19M to 0.6M 
 
Figure C-16: Concentrations of heavy metals in liquid after acid leaching at 30 minutes contact time at LS ratios 5, 10, and 20 
at acid molar concentrations from 0.19M to 1M 
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XRF and XRD analysis of PSSC after acid leaching 
XRF analysis showed that the main components of leached PSSC samples were Fe, Ca, Si, and S with 
minor Zn and Sr detected. Traces of As were present with minor compounds of Ti, Cr, Mn, and K. XRD 
analysis revealed that the main mineralogical components of PSSC samples were basanite (2CaSO4.H2O), 
quartz and Whitlockite-like compounds (Ca9X(Po4)7, where X is Fe, preferably, Cu, H, Al, Ni and Sr). Table 
S1 in Supplementary Data details the quantitative percentage of each compound as determined via 
Rietveld Refinement. Figure C-17 displays that as acid molar concentrations increase the quantity of 
basanite in solid PSSC samples increase; both quartz and phosphate decrease. Figure 7-9a shows that 
large concentrations of Ca remain in solid samples after acid leaching, which XRD analysis reveals as 
basanite compound. 
 
Figure C-17: Mineralogical content of PSSC after acid leaching measured by XRD analysis 
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Porosimetry analysis of PSSC after acid leaching 
Porosimetry analysis was conducted on twenty-two PSSC samples all in duplicate; original PSSC, 0.19M, 
0.3M, 0.6M, 0.8M and 1M at LS 5 and LS 10 each. Overall, acid leaching of PSSC significantly improved 
porosity properties and created new pore structures. Figure C-18a shows the adsorption/desorption 
characteristics of PSSC at selected leaching parameters, original PSSC sample, and PSSC leached at 0.3M 
LS 10 and 1M LS 5. Adsorption/desorption isotherms of PSSC samples were similar therefore these two 
samples selected as an example. The isotherms of PSSC are similar to type IV isotherms which 
correspond to typical mesoporous media (Figure C-18b). 
 
Figure C-18: a) Adsorption/desorption isotherms for PSSC; b) Typical isotherm from type IV mesoporous materials 
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Figure C-19a shows that average pore diameter is lower in PSSC samples after acid leaching, and that LS 
5 and LS 10 display different properties. Pore diameters decrease as acid molar concentration increase 
for LS 5; this might be due to the creation of new pores at with lower diameters caused by the increased 
friction between PSSC particles at lower LS ratios. Total pore volume plotted in Figure C-19b provides an 
insight into the porosity properties of PSSC. There is a clear very strong linear relationship between acid 
molar concentration and total pore volume with both LS 5 and LS 10 exhibiting same behaviour. At acid 
molar concentration of 1M, PSSC sample LS 10 improved pore volume five-fold. Figure C-19c shows the 
linear relationship between acid molar concentration and BET surface area. Higher acid molar 
concentrations resulted in the formation of new pores and increased surface area.  
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Figure C-19: a) Acid molar concentration versus average pore diameter (BET); b) Acid molar concentration versus total pore 
volume; c) Acid molar concentration versus BET surface area 
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Appendix D: Six Monthly Reports 
Six Month Report 
Summary 
Phosphorus is an essential element for all living organisms, it is a non-renewable resource. As the population of the 
Earth grows, phosphorus demand increases. Current global phosphorus reserves may be depleted in 50-100 years. 
The aim of this EngD project is to investigate the possibilities for improving the efficiency of use of phosphorus in 
the economy through phosphorus recovery from waste treatment plants.  
The objective of this first six month report of the EngD project was to develop an understanding of the current 
global phosphorus situation. The drivers for the recovery of phosphorus were determined and described in 
relation to this EngD project. The entire life cycle of phosphorus from cradle to grave was investigated to 
understand the phosphorus industry thoroughly. The effects of phosphorus in the environment, the current and 
new consumers of phosphates and some of the complex chemistry of phosphorus were discovered. The impact of 
phosphorus on water networks and wastewater treatment plants were investigated.  
As well as gaining knowledge about the phosphorus life cycle, projects concerning the development of phosphorus 
recovery technologies were begun. Struvite recovery from Thames Water’s Slough sewage treatment works is 
examined in chapter 4. Ostara’s Pearl™ Nutrient Recycling process will be installed in summer 2012. This project 
will determine the effects and efficiency of the struvite recovery system by creating a mass balance of phosphorus 
flows in the STW.  Mechanisms for recovery of phosphorus from incinerator ash are discussed in chapter 5. Initial 
laboratory scale studies investigating the water solubility of phosphorus in ash were conducted. Leaching of 
phosphorus was aided by the acidification of water; these initial experiments produced promising results. The 
experiments will be continued for other ash sources and a variety of methods will be explored. 
The overall aim of this six month report is to grasp an understanding of phosphorus throughout its entire life cycle. 
The project is now situated in a space where the full impact of phosphorus recovery on the life cycle of phosphorus 
is thoroughly understood. 
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Chapter 1: Introduction 
 
“Life can multiply until all the phosphorus has gone and then there is an 
inexorable halt which nothing can prevent” – Isaac Asimov (1959) (Ashley et al., 2011). 
 
Figure 1.1:  Life’s Bottleneck (Christiansen, 2009) 
1.1 Introduction 
In 1959 the scientific writer Isaac Asimov wrote an essay entitled “Life’s Bottleneck” to highlight the importance of 
phosphorus to our civilisation. Phosphorus along with nitrogen and potassium are essential nutrients for all living 
organisms. Asimov called phosphorus “life’s bottleneck” as it makes up 1% of an organism, but is only present in 
0.1% of minerals on Earth. DNA is a form of phosphate; phosphorus makes up the DNA molecules spine. 
Phosphorus is a constituent of every living cell’s membranes; it is in our bones and plays a role in cellular energy 
production (Borrell, 2009; Ashley et al., 2011). Phosphorus particularly in the form of P2O5, is critical for fertiliser 
used in agriculture and farming (King, 2010). 
Unlike nitrogen which is replenished by the atmosphere, the only natural source of phosphorus comes from 
weathering of rocks containing phosphate (Ashley et al., 2011). There is no substitute for phosphorus and it cannot 
be manufactured; therefore careful stewardship of this nutrient is required (Mitchell et al., 2010). It is widely 
acknowledged that energy and water are critical resources which should be safeguarded to ensure future 
generations can meet their needs. Plants need phosphorus as much as they need water to survive. The dwindling 
availability of phosphorus must be highlighted to ensure the booming future populations can survive. In view of 
the booming population and associated nutritional requirements of future generations food production must 
increase significantly. Since the world’s cultivated areas cannot be increased, phosphorus fertiliser application will 
expand drastically (Franz, 2008). According to Ashley et al. (2011) it is possible to amend the phosphorus crisis; 
however it will require substantial infrastructural, political and institutional changes. 
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The focus of the current work is to alleviate the phosphorus crisis by developing and optimising phosphorus 
recovery technologies within waste treatment plants. The following sections explain why phosphorus recovery 
from wastewater treatment plants can help ease the phosphorus crisis and its implications for sustainable 
development.  
1.2 Aims and Objectives of This Project 
Since the introduction of the EC Urban Waste Water Treatment Directive (UWWTD) 97/271/EC in May 1991, many 
significant changes have occurred in wastewater treatment. Two changes directly impacted upon water 
companies’ treatment and disposal of sludge produced during the treatment processes. 
 Dumping of sewage sludge at sea (or other water bodies) is prohibited. 
 Nitrogen and phosphorus limits were imposed to reduce the eutrophication of sensitive waters. 
Given that dumping at sea is prohibited, various sludge treatment and disposal options have been implemented 
which attempt to deal with the increased volumes of sludge (Doyle and Parsons, 2002). As a result of the imposed 
phosphorus limits, sludge and incinerated sludge ash contain significant concentrations of phosphorus. Since the 
phosphorus has been captured in these two forms, the next step is to recover the phosphorus in a reusable form.  
The aim of this project is to investigate the possibilities for phosphorus recovery and reuse across the entire 
wastewater treatment process. Phosphorus in the form of struvite recovery efficiency from Slough sewage 
treatment works (STW) will be examined. The system will be optimised to achieve greatest economical and quality 
struvite formation. In order to determine the effects and efficiency of struvite recovery a mass balance of 
phosphorus flows in the STW will be determined. Looking at other potential sources of phosphorus, mechanisms 
for recovery from incinerator ash will be examined. Initial studies at laboratory scale will be completed and 
depending on outcomes these may progress to pilot scale. Fitting in with the concept of sustainability, the overall 
aim is to develop softer, more sustainable methods of phosphorus recovery with less chemical demand. The 
synergistic use of other waste streams either directly or in an adapted form for the production of struvite is a 
sustainable method of creating a commercially viable product. In addition to the analysis and recovery of 
phosphorus, a model of the flows of phosphorus throughout the UK will be established. This “industrial ecology” of 
phosphorus will allow understanding of the fate of phosphorus on a regional scale. The impacts of recovery and 
reuse can be determined using this model. 
1.3 Drivers for Phosphorus Recovery 
Phosphorus use exploded in the 1940s and 1950s with the development of modern phosphate industries, such as 
fertilisers and food production. As the population of the Earth grows, phosphorus demand and therefore prices 
continue to increase. In the beginning of 2010 the world spot price for phosphorus was approximately $90/ton, 
this nearly doubled to $150/ton in the third quarter and increased further to $200/ton by the end of 2011 (graph 
provided in appendix) (USGS, 2011; Indexmundi, 2011). Apatite is the main mineral used in the production of 
fertilisers; reserves are expected to last at most 200 years (Tan and Lagerkvist, 2011). The graph below (adapted 
from Cordell et al., 2009) displays phosphorus based fertilisers and the huge increase in the use of phosphorus 
rock sources fertilisers. There is a steady increase between population growth and phosphate fertiliser usage. This 
highlights the pressing need to find methods for recovering P as the population continues to boom. 
Sustainable P Recovery from Waste  Appendix D – Six Month Report 
D-6 
 
Figure 1.2: The History of Phosphorus-Based Fertilisers (Ostara, 2010c) 
When phosphorus recovery was first conceived it was deemed uneconomical. However, as prices increase and 
technologies improve, phosphorus recovery is becoming more cost-effective. World consumption of phosphate 
fertilisers is expected to increase at a rate of 2.5% per year over the next five years. The most significant increases 
in phosphate fertiliser will be seen in Asia and South America (USGS, 2012). Most of this demand comes from Asia 
where high phosphorus input products such as meat and dairy are becoming more popular. The average 
vegetarian diet consumes 0.6 kg of P per person per year, compared to meat and dairy based diets which consume 
1.6 kg of P per person per year (Clift, 2011). Even if complete recycling of available organic matter is carried out, 
the amount of phosphorus required by modern high-yielding crops cannot be met (Franz, 2008).  
As the resource crisis grows it is expected that phosphorus recovery will be incentivised by national governments 
and international groupings (ACHS & DEFRA, 2009). Recently, the European Environment Agency (EEA) published a 
report entitled “Resource efficiency in Europe” in this report phosphorus was identified as a priority resource. The 
report notes that only Sweden has the objective to recover at least 60% of phosphorus from wastewater by 2015. 
Following on from this the European Commission will publish a “Green Paper on Phosphorus” in 2012 to define a 
phosphorus resource efficiency strategy (CEEP, 2012).  
The drivers for phosphorus recovery are: 
 Economic - increasing phosphate prices will make recovery more commercially viable. 
 Market fragility - locally sourced phosphate fertilisers reduces dependence on few phosphate rock 
reserves and increases the security of their supplies (Cooper et al., 2011). 
 Regulatory - compliance with effluent standards. Possible incentivisation of phosphorus recovery by EU. 
 Sustainability - proactive response to global resource issues. 
 Environmental - closing the phosphorus loop regionally. 
 Agricultural - reduction in sludge cake P content will help maintain present agricultural land bank  
 Operational - reduction in nuisance factor of struvite formation. 
 
1.4 Summary of Chapters 
Chapter 2: Phosphorus - discusses various aspects of phosphorus from its abundance in the earth, flows 
throughout the globe, the problem of eutrophication and the complexity of the forms of phosphorus in the P cycle. 
The political, environmental and social aspects of the current locations of phosphate deposits/reserves are 
discussed. Lastly and possibly most importantly, the many uses of phosphorus in society today are outlined. 
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Chapter 3: Phosphorus in Wastewaters - focuses on the fate of phosphorus in wastewater treatment works 
(WWTW). The problem of struvite formation on the network is highlighted and the importance of turning this 
pollutant into a valuable resource is described. Some factors when developing a phosphate fertiliser using waste 
streams are considered such as essential nutrients for plant growth. Lastly, the use of phosphates in clean water 
networks is discussed. 
Chapter 4: Struvite Recovery at Slough STW - outlines the Slough STW wastewater treatment processes and 
discusses the installation of the Ostara Pearl Nutrient Recycling process. The previous 2003 mass balance is briefly 
considered and the work which will be done in continuing and updating the current mass balance is reported. 
Chapter 5: Phosphorus Recovery from Ash - this chapter explains the benefits of recovering phosphorus from ash. 
Current and developing technologies are described. Results of initial ash experiments are displayed and discussed. 
Lastly, the next steps for the ash experiments are described. 
Chapter 6: Other Progress - this chapter describes other achievements and progress which has been done primarily 
outside of Thames Water Utilities. University of Surrey modules and various other training and development 
programmes were attended. The Sustainable P Summit which was attended is described and the upcoming 
University of Surrey EngD conference is discussed also. This chapter contains a Gantt chart of activities covering 
the next six months in detail and an overview of activities for the next four years of this EngD project. 
 
Chapter 2: Phosphorus 
2.1 Introduction 
Phosphorus is the eleventh most abundant element found in the earth’s crust. Even though phosphorus is highly 
abundant in nature, it is the least biologically available nutrient. Phosphorus can be found in many forms, few of 
which are actually available for plant uptake. Plants can only absorb soluble inorganic phosphorus dissolved in soil 
solution, known as organophosphates (Ashley et al., 2011). There is much competition over this scarce natural 
resource from both land and aquatic life (Driver et al., 1999). The phosphorus cycle is different to other 
biogeochemical cycles, such as nitrogen or carbon, as phosphorus does not exist in a gaseous form. Due to this lack 
of gaseous phase, phosphorus does not circulate freely around the atmosphere (Ashley et al., 2011). Phosphorus is 
not highly soluble and non-volatile; its molecules bind tightly to soil and are limited to soil and aquatic 
environments (WEF, 1999). A detailed diagram of the phosphorus cycle is provided below. 
 
Figure 2.1: Phosphorus Cycle. Environmental Literacy Council (2008) 
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The most available phosphorus is found in sedimentary rocks which under certain conditions and over 10-15 
million years have increased phosphorus concentrations from 0.1% to 10-20% (Filippelli, 2011). Weathering and 
release of P from land masses and rocks into oceans is the main mechanism for presence and input of P into 
marine systems. Only a small portion of this P is bio-available, much is removed by biogeochemical processes. Dust 
is the only other source of P into oceans, but this makes up less than 10% of total P input. Erosion rates by human 
activities have increased P movement from land to sea by 300%. Extreme changes in landscape and erosion during 
glacial cycles create only a 50% phosphorus alteration between land and ocean (Filippelli, 2011). This displays the 
massive effect humans have upon the P cycle and transfers in the environment. In the UK erosion of soil exhibits 
small losses of P; more P is lost by leakage through food crops leaving farms. P does not leach through the soil as 
much as nitrate, meaning P is exported mostly through crops and livestock products leaving farms (Dawson & 
Hilton, 2011). This P cycle is largely linear in human time scales, with much of the P applied to agricultural land 
ending up in urban environments. The P cycle must be managed in such a way that P exported from the farm is 
returned back to the farm for agricultural reuse (Dawson & Hilton, 2011). One way of achieving this is by 
incentivising phosphorus recovery from WWTW, as discussed in chapter 3. 
2.2 Industrial Ecology of Phosphorus 
 
Figure 2.2: The Industrial Ecology of Phosphorus: Simplified Global Mass Balance (Clift, 2011) 
The “Sankey” diagram above displays estimates for global flows of phosphorus through the agricultural sector. The 
quantification of phosphorus flows in this diagram allows current and future phosphorus scenarios to be 
understood more easily. The diagram conveys the huge inefficiencies of the current P usage system: approximately 
27×106 tonnes/year (Mtpa) of P is input into food production, more than half is mined to deliver just 3 Mtpa in 
food. Nearly 90% of P input to the system is lost before reaching the food product (Clift, 2011). Only 15-30% of 
phosphorus fertiliser applied is actually taken up by plants (Cordell et al., 2009). Most of this P is lost in global 
water systems rather than settling in a recoverable medium. This highlights why the presence of this nutrient in 
water bodies is a concern (further discussed in subsequent sections). It should be noted that phosphorus 
accumulation in soil is significant, but figures uncertain especially for loss by soil erosion and leaching (Clift, 2011). 
The Sankey diagram acts to highlight areas where P recovery should be focussed. Most attention is being given to 
recovery and reuse of P excreted by humans into wastewater streams (Clift, 2011). As mentioned previously, with 
increasing urbanisation phosphorus is being transported away from agricultural land to urban city environments. 
This is creating an imbalance in phosphorus flows. However, it also provides an ideal point source for phosphorus 
recovery from wastewater treatment plants. The potential for phosphorus recovery from wastewater is discussed 
in more detail in chapter 3. 
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2.3 Eutrophication 
Eutrophication is a major concern globally and is always raised when the subject of phosphorus is discussed. 
Eutrophication literally means good feeding (Emsley and Hall, 1976). Eutrophication can occur as a result of over 
fertilisation of aquatic environments caused by humans and other anthropogenic factors. Eutrophication can also 
occur naturally due to seasonal increases in nutrients which increase the organic loads (Doyle and Parsons, 2002).  
Even though phosphorus is an essential nutrient for the growth of algae and other aquatic life, it can also become 
a pollutant when levels are too high. A healthy well-nourished water body contains a diverse mix of biological 
organisms with all components of the food chain living in a production/consumption equilibrium (Barnard, 2007). 
When plants and organisms die they settle to the bottom of the water body and decompose. During this 
decomposition, nutrients are released to the water. An increase in the nutrient load adversely affects the food 
chain and results in serious effects on the water body (WEF, 1998). The production of algae, the lowest link in the 
food chain, is sometimes increased to such an extent that they can no longer be controlled. Algal growth impedes 
the survival of other water plants, particularly bottom-growing plants which cannot receive sufficient light 
(Barnard, 2007). As plants and other organisms die, the water is continually enriched with nutrients. Residue from 
decomposition and algal blooms gradually accumulates in the water body (WEF, 1998). In some extreme cases, 
toxic algal scum may form which deoxygenates water and results in the death of fish (Barnard, 2007). Phosphorus 
in natural waters is maintained at low levels by precipitation and sedimentation of organic debris. This 
eutrophication process is displayed in figure 2.3 below. 
By recovering and reusing phosphorus, the nutrient levels reaching sea and other water bodies can be reduced. 
The eutrophication problem faced by many countries can be alleviated and fish and other water creatures can 
continue to thrive in suitable waters. Chapter 3 discusses the potential P recycle loop which can be created by 
recovering P from wastewaters.  
 
Figure 2.3: The Eutrophication Process (Mother Jones, 2012) 
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2.4 Organic to Inorganic Phosphorus 
Phosphorus can be found in organic and inorganic forms of phosphate. Organic phosphorus is present in waters in 
the form of plant and animal tissues, nucleic acids, nucleotides and phospholipids. Organic phosphorus is referred 
to as “non-bioavailable” total phosphorus (Rittmann et al., 2011). Plants require the inorganic form of phosphorus, 
while animals can use either form. Phosphate which is not associated with organic matter is known as inorganic. 
The phosphorus used in fertilisers is inorganic phosphate, as this is more bioavailable to plants. Tan and Lagerkvist 
state that only 0.01% of phosphorus in the ground is available for plants as a nutrient.  
Animals obtain their phosphorus by eating plants or other smaller animals. Plants obtain their phosphorus from 
soils which originally came from rock containing phosphorus-rich apatite. Plants require phosphorus for growth of 
cells, fruits, seeds and for ripening (Ashley et al., 2011). Aquatic plants take in inorganic phosphorus and as it 
becomes part of their tissue it is converted into organic phosphorus. When plants or animals excrete or die, 
decomposition by bacteria converts phosphorus back into its inorganic form (US EPA, 2011). This is displayed in the 
figure below. 
 
Figure 2.4: Organic/Inorganic Phosphorus Cycle (US EPA, 2011) 
Sewage entering the sewage treatment works from domestic sources comes in various forms of orthophosphates, 
polyphosphates and organic phosphates associated with particulate matter (these are defined in the glossary of 
terms). Anaerobic conditions in sewers hydrolyse polyphosphates and some organic phosphates so that typically 
70% of total phosphorus is comprised of orthophosphate. All biological sewage treatment processes produce 
excess biological sludge; therefore all remove a certain amount of PO4-P from settled sludge proportionate to 
biomass production. Organic P associated with fine and colloidal solids that are not removed by the primary 
settlement tank (PST) will hydrolyse as they pass through the processes. As a result of this total P is reduced by 10-
20%, but PO4-P is often increased. When thickened surplus activated sludge (SAS) is mixed with thickened raw 
sludge in the blending tank before digestion, polyphosphates in the SAS rapidly hydrolyse. The sludge become 
highly anaerobic and the volatile fatty acids cause polyphosphates to break down and increase PO4-P 
concentrations. P solubilisation continues in the highly reducing environment of the anaerobic digesters. The 
breaking down of polyphosphates also causes the release of Mg and K (Jaffer and Pearce, 2004). The release of Mg 
and K is significant since Mg in used in the formation of struvite (discussed in the next chapter). Mg and K are also 
essential nutrients required for healthy plant growth.  
The form of phosphorus recovered in this project is quite important. One aspect of this project investigates P 
recovery from incinerator ash. This form of recovery is most suitable as during incineration organic P is converted 
into inorganic P; the form most available for plants (Ashley et al., 2011).  
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2.5 Phosphorus Reserves/Deposits 
2.5.1 Reserve Estimates 
Unlike oil which has been so thoroughly researched that the reserves are well known, the availability of 
phosphorus reserves are uncertain. Reports from mining companies are relied upon for information on 
phosphorus reserves. Peak phosphorus has been determined using the same scale as that for peak oil – the 
Hubbert curve. However, there are disadvantages in using this method; the demand must be constant and 
resources must be known and limited. The model does not consider recycling and that phosphorus is in principle 
recoverable after use unlike oil which is not recoverable (Schlafi, 2011). Cordell at al 2009, estimate that 
production if phosphate rock will reach a peak by 2050. This finding led to the forming of the declaration on global 
phosphorus security (Clift, 2011). Between 1996 and 2010, the phosphate rock reserves were estimated between 
11,000 and 18,000 million tonnes with the 2010 estimate standing at 16,000 Mt. However, in 2011 the USGS 
increased the reserves estimate 4-fold to 65,000 Mt. This huge increase was largely influenced by the International 
Fertiliser Development Centre (IFDC) in 2010 who suggested that the world phosphate reserves are approximately 
60,000 Mt and resources are approximately 290,000 Mt (Cooper et al., 2011). (Definition of “reserve” is provided 
in the glossary of terms). The IFDC concluded that “there is no indication that phosphate production will peak in 
the next 20-25 years or even within the next century” (Clift, 2011). Hubbert and others argue that it does not 
ultimately matter when the reserves are exhausted, but rather when good quality, accessible reserves are 
depleted (Cordell et al., 2009). Most phosphate rocks are located in areas where they are not technically or 
economically easy to extract such as on continental shelves or seamounts (Cooper et al., 2011).  
2.5.2 Phosphate Mining 
In 2011, production and consumption of phosphate rock increased compared to 2010 due to increased phosphoric 
acid and fertiliser manufacture. Phosphate rock capacity is expected to increase from 215 million tons in 2011 to 
256 million tons in 2015. Most of this rock is expected to come from Morocco, the largest of the phosphate mines. 
Production here is planned to increase from 27 million tons to 50 million tons by 2017. The rest of the capacity will 
come from significant new mines in Australia, Brazil, Namibia and Saudi Arabia. Of these new mines, the 
phosphate rock mine in Iraq is the most significant with reserves in excess of 5 million tons (USGS, 2012). 
In the past, P ores grades were measured in units of BPL – bone phosphate of lime. Only units greater than 70 
were mined, but now grades of 50 and sometimes even lower are being mined (Dawson & Hilton, 2011). The 
average grade of P has fallen from 15% in the 1970s to less than 13% P in 1996 (Cordell et al., 2009). This change in 
acceptable ore grades has significantly altered the reserves estimates. Improvements in technology turn resources 
into reserves, allowing more P to be considered economically exploitable (Dawson & Hilton, 2011). There has been 
talk of re-mining spoil piles from low-lying atolls of Banaba Island and Nauru in the central Pacific due to the rising 
prices of phosphate today. The clean high quality guano sourced phosphates have been exploited for over a 
decade now (Filippelli, 2011).  
2.5.3 Political and Environmental Effects of Phosphate Mining 
As well as the resource issues associated with phosphate mining, there are many political and environmental 
concerns associated with mining. These include international law disputes, unfair distribution of exports and 
health and environmental effects. These are discussed in more detail below. 
Phosphate has been mined from Morocco’s Bou Craa reserve since 1968. Originally nearly 1600 Sahrawis were 
employed; today most have been replaced by Moroccans who have settled in the West Saharan territory. Now 
only 200 Sahrawis are employed and report facing discrimination relative to Moroccan employees on a daily basis 
(WSRC, 2011). According to the Western Sahara Resource Watch (WSRW) “extracting and trading with phosphates 
from Western Sahara are contrary to international law”. Mining of minerals by non-self-governing territories 
against the wishes of people is illegal under international law. Therefore Scandinavian countries have boycotted 
imports from this reserve. Australia, Sweden, the Norwegian phosphate giant Yara and US firm Mosaic now do not 
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import phosphate rock from Western Sahara (Cooper et al., 2011; Cordell et al., 2009; WSRC, 2011). This reduces 
the phosphate available to these countries and increases market volatility. 
 
Figure 2.5: Moroccan Phosphate Mining at Bou Craa (Taylor, 2010) 
As stated previously, phosphate rock is unevenly distributed throughout the globe with 86% of the reserves 
concentrated in just five countries. Morocco alone controls 77% of the global phosphate reserves. Market 
dominance by a few countries leads to disputes and unfair distribution of phosphate exports (Cooper et al., 2011). 
Localised distribution of phosphate increases the risk of disputes of dwindling resources. India, which is reliant on 
imported phosphorus, has seen riots and deaths of farmers occurring due to a severe national shortage of 
fertilisers (Cordell et al., 2009). China has the largest reported reserves, but they are reducing P exports to ensure 
enough domestic supply for their own country. In 2010 an unprecedented 800% increase in phosphorus rock prices 
led China to impose a 135% export tariff on phosphorus; this effectively halted all exports from China (Ashley et 
al., 2011; Cordell et al., 2009). These unfair export practices and disputes can be alleviated by recovering 
phosphorus on a local scale in WWTW. In this way countries are less reliant on imports because they can produce 
their own phosphate fertilisers. 
In a “wet” process for the manufacture of phosphoric acid, sulphur is burned to produce sulphuric acid which is 
used to dissolve phosphate rock. Most of this sulphur is provided by oil and gas industries which produce large 
amounts of sulphur in their refining process. Sulphur production, much like oil and gas, experiences extreme 
changes in price. This adds to the cost of P mining and further increases the desire to recover P from other sources, 
e.g. wastewater streams (Dawson & Hilton, 2011). 
In Western Europe, Finland is the only country which contains low grade commercial phosphorus deposits (Cooper 
et al. 2011). As discussed previously, the largest phosphate reserves are found in only five countries globally. Due 
to this uneven distribution of phosphorus rock, the mineral must be transported over long distances worldwide. In 
this phase of the phosphorus life cycle a major environmental issue faced is the massive global carbon footprint 
associated with the transport of this resource. The carbon footprint created by the transport of phosphorus is a 
global environmental issue. Unless more local reserves are discovered, phosphorus will continue to be transported 
worldwide creating a huge carbon footprint. One way to reduce this carbon footprint is to recover or reuse 
phosphorus on a regional countrywide scale. This closing of the phosphorus loop can be carried out on a local scale 
by recovering phosphorus from WWTW. Phosphorus rich fertilisers can be produced and transported to local 
agriculture industries. The carbon footprint associated with this locally produced phosphorus fertiliser is much 
smaller than the carbon footprint associated with global transportation of phosphorus fertilisers. 
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Phosphate rocks are extracted from under 10-20m of soil and processed to remove impurities and purify the P. 
The waste produced from this processing is phosphogypsum which contains unusable radioactive material 
(Filippelli, 2011). For each tonne of phosphate mined from rock five tonnes of phosphogypsum is produced 
(Cordell et al., 2009). Phosphogypsum may contain up to 2.5% phosphorus, but also contains radionuclides of 
Uranium and Thorium (Dawson & Hilton, 2011; Cordell et al., 2009). The material is stored in large stacks or 
settling ponds onsite. Clearly, this is inherently environmentally risky, with threats of leakage to underground 
aquifers and waterways. The production of these hazardous by-products occurs with all phosphorus mining 
processes utilised. While these hazards are based onsite where the mining is conducted, if these contaminants leak 
into aquifers they represent a hazard for the environment and all users of the aquifer for drinking or irrigation. 
Local phosphorus recovery and production of fertilisers from WWTW can significantly reduce the production and 
build up of these harmful contaminants. The risk to the environment and other users of the water is eliminated. 
In Florida, the Hawthorne formation has been mined since the 1800s. In December 1971, several dams burst 
allowing 2 billion gallons of phosphogypsum and clay to flow into water and resulted in the death of hundreds of 
fish and other aquatic life (Filippelli, 2011). In 1950, the Kissenegen Spring ceased flowing due to overpumping of 
groundwater by the phosphate industry (Palmer, 2010). Due to the adverse environmental effects of mining, 
phosphorus should be recovered from other sources which do not pose such hazards. 
2.6 Other Uses of Phosphorus 
Global demand for phosphorus is expected to increase by 3-4% each year. While 90% of mined phosphorus is used 
for producing food – fertiliser, feed and food additives (Cordell et al., 2009). The pie chart below displays the 
current proportion of uses of phosphorus; fertiliser, industry, animal feed and P4 derivatives (Thornton, 2012). 
4/5ths of the 82% of phosphorus used for fertilisers is needed for growing cereals and as livestock fodder (Eyre, 
2012). 
 
Figure 2.6: Proportion of Current Uses of Phosphorus 
Referring to the 8% of phosphorus uses in industry phosphorus is used in: 
 Synthetic detergents 
 Metal treatment 
 Water treatment 
 Lithium phosphate for hybrid and electric vehicle batteries 
 Cheese 
 Processed meat 
 Personal hygiene products (toothpaste, etc.) 
 Soft drinks (Coca cola) 
 Fire prevention and fire fighting (Phosagro, 2011) 
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Figure 2.7: Uses of Phosphorus (Elser, 2010) 
In 2007 the rise in phosphate rock demand was linked to ethanol production. As concerns over oil and climate 
change increase, many turned to biofuel as a solution (Cordell et al., 2009). Global biofuel processing has increased 
due to US corn based and Brazilian sugarcane based ethanol production (King, 2010). The biofuel industry 
competes with agriculture for grains, land and phosphorus fertilisers (Cordell et al., 2009). However, support for 
biofuels has waned mostly within the European Union where people are questioning the impact on food prices 
(King, 2010). Linked in with this move towards alternative transport is the electric vehicle. The lithium batteries 
used in electric vehicles are a new major consumer of phosphate (Thornton, 2012). Phosphoric acid is used as an 
electrolyte additive for lead/acid batteries of electric vehicles. 
Phosphorus is used in fire prevention and firefighting. Soluble inorganic, insoluble inorganic phosphate salts, 
organophosphates and phosphonates are used as flame retardants for textiles, plastics, coatings, papers and 
sealants. Household fire extinguishers contain orthophosphates. Flame retardants containing phosphorus reduce 
the decomposition of plastics into combustible volatiles. Ammonium phosphate is applied aerially to vegetation 
areas ahead of forest fires to control the fire’s path (Phosphate Facts, 2009b).  
Phosphoric acid based chemicals are used to finish and brighten aluminium and aluminium alloys. Phosphatizing is 
a process which acts to protect steel with a phosphate coating. This helps prevent corrosion and allows better 
paint adhesion onto the steel surface (Phosphate Facts, 2009c). 
Phosphates are used in many daily household items. In baked goods phosphates are used in acid/base reactions 
with sodium bicarbonate to produce CO2 to allow cakes to rise. Phosphates are also used for leavening, the 
lightening and softening of batters and cake mixes. In beverages phosphates are used as fortification (fruit juices), 
maintaining protein dispersion and stabilization (milk) and as a pH buffer (sports drinks). In dairy products 
phosphates are used as emulsifying agents, protein coagulants and as a flow aid. Phosphates are used to increase 
juiciness and shelf life of meats (Phosphate Facts, 2011). 
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Chapter 3: Phosphorus in Wastewaters 
3.1 Introduction 
Phosphorus is present in wastewater due to human excrement, food wastes, laundry detergents and industrial and 
commercial discharges. The amount of P excreted by humans is approximately 1500mg P/head/day, globally this 
equates to 3-3.5 Mt P/year (Dawson & Hilton, 2011). Cities are becoming large sources of phosphorus. There are 
currently 21 cities with at least 10 million inhabitants; this number is expected to increase to 29 cities by 2025 (UN, 
2010). One benefit of this uneven distribution of the population is these cities are hotspots for phosphorus. The 
wastewater emerging from these cities is loaded with recoverable phosphorus. Based on Dawson and Hilton’s 
figures, 5475 tonnes of P would be available for recovery each year*. It is estimated that 25% of the one billion 
tonnes of phosphorus mined since the 1950s has ended up in water bodies or is buried in landfills (Cordell et al., 
2009). Studies suggest that 21% of phosphate applied as fertiliser is transferred into wastewater (Pearce and 
Howarth, PPT).  
In order to prevent this loss of an important resource, phosphorus recovery from WWTW is ideal. Most of the 
received phosphorus leaves the WWTW site in dewatered sludge cakes and ash (Jaffer and Pearce, 2003). 
Phosphorus captured in sludge and ash can be recovered and sold as a commercial fertiliser. Poor urban farmers of 
Pakistan divert wastewater to agricultural land, while in rural China and Africa waste from pit or composting toilets 
are used as fertilisers (Cordell et al., 2009). Phosphorus recovery from wastewater treatment works and reuse as a 
fertiliser practiced on a larger scale can create a recycle loop of phosphorus in the environment. 
* 1500 mg × 10 million × 365 = 5475 tonnes P/10milllion heads/year 
 
Figure 3.1: Future Phosphorus Life Cycle with Recovery Loop (Adapted from Ostara) 
3.2 Struvite 
Phosphorus in wastewater treatment plants poses a large inconvenience in the form of struvite formation. Struvite 
is a white crystalline substance composed of magnesium ammonium phosphate (MAP) in equi-molar 
concentrations. Struvite forms according to the general reaction equation below. Struvite crystals have a 
characteristic orthorhombic structure (figure 3.2).  
Mg2+ + NH+4 + PO3-4 + 6H2O  MgNH4PO46(H2O) 
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Figure 3.2: Struvite Crystals 
Pipes, pumps, centrifuges and aerators are prone to struvite fouling. Struvite is most likely to form on areas where 
pressure drops occur and large scale eddying increases. When turbulence occurs, carbon dioxide is released and 
pH of water drops. This aids the formation of struvite on these surfaces.  
Struvite was first discovered in 1939 when a crystalline material was found in digested sludge supernatant lines. 
The problem was again noticed in 1963 when operators found crystalline deposits on post digestion screens. The 
digested sludge stream was diluted and the problem was briefly solved until the flow of digested sludge decreased 
to such an extent that pumping was required. Since then many cases of struvite formation have been documented 
(Doyle and Parsons, 2002). Figure 3.2 below displays a digested sludge pipe encrusted with struvite. 
The blockage of pipes due to struvite reduces the pipe diameter; more energy is therefore required to pump the 
sludge through the pipework. The time taken to move the sludge increases significantly, reducing the capacity of 
the plant. Severely encrusted pipes are cleared by flushing 10% sulphuric acid through and leaving them to soak 
for 24 hours before use. In extreme cases, the only feasible option is to replace the pipework. This is not only a 
disruptive solution but also very expensive (Doyle and Parsons, 2002). 
 
Figure 3.3: Digested Sludge Pipe with Struvite Formation (Jaffer and Pearce, 2003) 
However, while struvite formation is a great problem for wastewater treatment works, struvite has the potential 
use as a fertiliser. Other than this commercial advantage, struvite recovery has operational benefits also. The 
recovery of phosphorus reduces the amount being sent to the head of the treatment works in side streams and 
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sludge liquors. Sludge volumes can be significantly reduced also by as much as 49% according to Doyle and Parsons 
(2002).  
The recovery of P has other benefits for the environment also. Pilot trails showed by using struvite over traditional 
fertilisers, a 50% reduction in sulphur dioxide, carbon monoxide and nitrous oxide emissions and an 80% reduction 
in greenhouse gas emissions on a CO2 equivalent can be achieved. This is due to the fact that traditional fertiliser 
manufacturing processes are energy intensive, involve mining, long distance transportation, thermal processes and 
in some cases direct combustion of fossil fuels (ACHS and DEFRA, 2009).  
3.3 Struvite Fertiliser 
Struvite displays excellent qualities as a fertiliser when compared to other standard fertilisers. Struvite is a slow 
release fertiliser which contains beneficial nitrogen and phosphorus for plant growth. The heavy metal content, 
specifically Cd and U, of struvite is much lower when compared to phosphate fertiliser mined from phosphate 
baring rocks. However, struvite fertilisers may need the addition of potassium to meet NPK 
(Nitrogen:Phosphorus:Potassium) requirements for certain specific crops. This supplementation with potassium 
leads to increased production and processing costs. Phosphorus is the main component of struvite which 
generates interest in its recovery and reuse. 
There are some concerns over the use of phosphate fertilisers recovered from WWTW. There is a possibility of 
contamination of food chain through the use of anthropogenic nutrients on arable land. However, this risk is 
minimal since pollutants which may be present in anaerobic sludge are either not transferred or transferred in very 
small doses into the final struvite product. Studies show that struvite contains low levels of organics and so do not 
pose a threat to humans when spread on arable land (ACHS and DEFRA, 2009). The EU has laid down rules relating 
to the placing of fertilisers on the market, e.g. conditions for designating as an “EC fertiliser”, labelling and 
packaging. Annex I of the regulation establishes a minimum nutrient content required for each type of fertiliser 
(Europa, 2011). The section below describes the essential elements which must be considered when creating a 
new fertiliser. 
3.4 Essential Elements for Plant Growth 
There are 16 essential elements required to allow plants to grow and develop properly; P, K, N, Ca, Mg, S, B, Cl, Cu, 
Fe, Mn, Mo and Zn. Each nutrient is necessary for plant development, but they are needed in vastly different 
amounts. Due to the different nutrient quantities required, the elements are grouped into three separate 
categories; primary (macro) nutrients, secondary nutrients and micronutrients. Along with these nutrients carbon, 
hydrogen and oxygen extracted from air are required for development of healthy plant crops (El Dorado Chemical 
Co., 2012). 
Every effort will be taken to analyse the most of the nutrients listed below. However, there are certain limitations 
to this due to the sampling “suites” which must be chosen from the software available in Thames Water Utilities. 
The primary and secondary nutrients will certainly be sampled, but the sampling of micronutrients will be more 
select, depending upon what is possible to sample at Thames Water’s Spencer House laboratories. 
3.4.1 Primary (Macro) Nutrients 
Primary (macro) nutrients are phosphorus, nitrogen and potassium. They are called macronutrients because they 
are needed in the greatest total quantities by plants. Each nutrient has its own set of properties essential for plants 
as outlined below. 
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Figure 3.4: Importance of Nutrients (Benson Institute, 2004) 
 Phosphorus 
- Involved in photosynthesis, respiration, energy storage and transfer, cell division and 
enlargement of plants 
- Promotes early root formation and growth 
- Improves fruit, grain and vegetable quality 
- Vital for seed formation 
- Helps plants survive harsh conditions 
- Increases efficiency of plant water use 
- Quickens maturity of plants 
 Nitrogen 
- Necessary for amino acid formation (building blocks of proteins) 
- Essential for plant cell division and plant growth 
- Involved directly in photosynthesis 
- Necessary component of vitamins 
- Helps production and use of carbohydrates 
- Affects energy reactions within the plant 
 Potassium 
- Assists metabolises of carbohydrates and the break down and translocation of starches 
- Increases photosynthesis 
- Increases efficiency of plant water use 
- Essential for protein synthesis 
- Necessary for fruit formation, improves fruit and seed quality 
- Activates enzymes and controls reaction rates 
- Improves winter hardiness 
- Increases disease resistance 
 
3.4.2 Secondary Nutrients 
These three nutrients are needed in lesser amounts than the primary nutrients, but are still as important for plant 
development. 
 Calcium 
- Used for continuous cell division and formation 
- Involved in nitrogen metabolism 
- Reduces plant respiration 
- Aids translocation of photosynthesis 
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- Increases fruit production 
- Stimulates microbial activity 
 Magnesium 
- Essential for chlorophyll production 
- Improves utilisation and mobility of P 
- Component of and activates many plant enzymes 
- Increases Fe utilisation of plants 
- Influences early and uniform maturity 
 Sulphur 
- Essential part of amino acids 
- Helps develop enzymes and vitamins 
- Aids seed production 
- Necessary for chlorophyll formation 
 
3.4.3 Micronutrients 
Micronutrients necessary for plant development are B, Cl, Cu, Fe, Mn, Mo and Zn. They are just as important as 
macronutrients, but are required in much smaller quantities. They work as “activators” of many plant functions. 
 Boron 
- Essential for pollen grain germination and growth of pollen tubes 
- Necessary for seed and cell wall formation 
- Promotes maturity 
- Required for sugar translocation 
 Chlorine 
- Interferes with P uptake 
- Little other information available 
 Copper 
- Catalyses plant processes 
- Major function in reproduction and photosynthesis 
- Increases sugar content 
- Improves colour and flavour of fruits and vegetables 
 Iron 
- Promotes chlorophyll formation 
- Acts as an oxygen carrier 
- Involved in cell division and growth reactions 
 Manganese 
- Has function as part of certain enzyme systems 
- Aids synthesis of chlorophyll 
- Increases P and Ca availability 
 Molybdenum 
- Required to form essential enzyme which reduces nitrates to ammonium in plants 
- Necessary to convert inorganic P to organic P in plants 
 Zinc 
- Aids growth of plant hormones and enzyme system 
- Necessary for chlorophyll production 
- Required for carbohydrate and starch formation 
- Aids seed formation 
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3.5 Phosphorus in Potable Waters 
As mentioned in section 2.6, phosphorus is used in the potable water treatment industry. Polyphosphate is added 
during potable drinking water treatment to resist plumbosolvency: the ability of water to dissolve lead. The 
polyphosphate forms a hydroxypyromorphite scale on the inside of the lead pipes and reduces their solubility. 
Polyphosphate retards corrosion and reduces soluble lead and copper in the water distribution network. This 
addition also prevents aesthetically displeasing red and black colours of iron and manganese (Phosphate Facts, 
2009a). All of Thames Water Utilities London water treatment works add expensive food grade P to their 
networks. Approximately 1.0-1.5 mg/l is added on a near daily basis, this equates to 4-5 tonnes of P added daily. 
The cost of this food grade P was initially £500 per tonne, but this was increased to £1500 per tonne in one year. If 
P is not added to the water network for at least three days, the lead levels increase significantly. It can take up to 
six months to reduce the lead levels back to acceptable regulations (Sutherland, 2012). 
 
Chapter 4: Struvite Recovery at Slough STW 
4.1 Slough STW Site Description 
Thames Water Utilities Ltd. Slough STW is located 30 miles west of London and serves a population equivalent (PE) 
of 227,000. Approximately 115,000 of this PE are from industrial sources such as packaged food and confectionary 
processors. In 1996, a new effluent stream was built incorporating primary settlement tanks, raw sludge thickeners 
and biological nutrient removal (BNR). The remainder is treated by a conventional activated sludge plant followed 
by nitrifying trickling filters (Jaffer and Pearce, 2004). Due to strict P discharge regulations, the plant supplements 
biological P removal with chemical P removal (Ostara, 2010a). A site layout schematic is provided below (figure 
4.1).  
 
Figure 4.1: Slough STW Layout and Schematic 
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 4 BNR final clarifiers. 5 BNR SAS pump station. 6 activated sludge plant primary 
settlement tanks. 7 ASP aeration. 8 ASP clarifiers. 9 nitrifying filters. 10 nitrifying 
filter clarifiers. 11 surplus activated sludge buffer tank. 13 SAS thickener.
14 thickened sludge blending tank 15 primary sludge thickeners. 16 sludge import tank
17 anaerobic sludge digesters 18 CHP plant. 19 sludge lagoons. 20 sludge centrifuge
and liquor pump station. 21 sludge cake storage 22 works liquors return pump station
A digested sludge discharge to lagoons. B digested sludge to centrifuge. C non BNR SAS.
D BNR SAS. E centrifuge liquors. F belt thickener liquors. G primary sludge thickener 
liquors. 
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Slough STW Site Layout and Schematic Sludge/Liquor Pumped Mains
(some process units omitted for clarity)
N
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The Slough STW comprises separate primary and secondary sludge thickening streams, which are blended with 
imported sludges before anaerobic digestion. Primary sludge is thickened in gravity thickeners which produce a 
primary sludge of 5-6% dry solids (DS). Sludge liquors are returned to the head of the works. Surplus activated 
sludge (SAS) from the return activated sludge lines of the activated sludge plants are pumped to a holding tank 
before mechanical thickening using belt thickeners. Thickener liquors are also pumped to the head of the works. 
Both thickened sludge streams are pumped to a blending tank where they are mechanically mixed with imported 
mixed primary and secondary sludges from other smaller STWs. This blended sludge is fed to anaerobic digesters 
where volatile solids are destroyed. Sludge flows from the digesters to a lagoon, which acts as a storage buffer 
before dewatering by centrifuging. The dewatered sludge cakes are stored onsite before disposal to agricultural 
land. The centrate (centrifuge liquors) composed of sludge liquors and polymer carrier water are pumped back to 
the head of the works (Jaffer and Pearce, 2004). 
4.2 Struvite Formation and Phosphorus Recovery 
The biological phosphorus removal process concentrates P as part of the removal process (Ostara, 2010a). This 
often leads to operational problems throughout the plant. Within six months of commissioning of the new plant 
the BNR suffered problems with struvite scale formation on the centrate return pipeline and on the impellers on 
the liquid return pumps. After eight months the digested sludge main, between the digesters and digested sludge 
holding tank, became so severely congested with struvite that the pumps could not develop enough pressure to 
move the sludge. Several lines were cleaned using dilute sulphuric acid and others were bypassed by temporary 
overground pipes. Struvite must be removed from the liquor return pump impellers on a monthly basis. Instead of 
using costly and toxic chemicals, struvite is mostly removed from Slough STW by operations workers by manual 
chiselling of the struvite scale. The operational, maintenance and downtime costs of struvite formation are 
constant. In the pipe shown below (figure 4.2) approximately 70% of the pipe capacity has been lost due to 
struvite formation. As a result, the pumping costs are significantly increased. Struvite can form and become a 
nuisance on conventional non-nutrient removal sites as well as plants such as Slough with a BNR process. 
However, the BNR can exacerbate the problem as it increases the amount of soluble P and magnesium in the 
digested sludge and liquors (Jaffer and Pearce, 2004).  
 
Figure 4.2: Struvite Formation on Pipe 
The problems associated with struvite formation were another driver for the removal of phosphorus as a 
recoverable commercial product. 25-45% of the total phosphorus load arriving at the works daily comes from the 
soluble P remaining in all of the return liquor streams. Therefore, this recycle load represents an area where a 
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large concentration of P can be recovered, not only to maintain effluent quality of the works, but also as a 
commercial product. The balance of P leaves the site as a dewatered sludge cake. Some of this P is organic, mostly 
intercellular form from non-degraded cells from activated sludge; some P is in a soluble form contained in the 
liquid portion of the sludge, while most is likely to be inorganically precipitated (Jaffer and Pearce, 2004). 
There are certain contaminants to consider when investigating phosphorus recovery. Any iron added to the 
wastewater treatment process to remove odour will appear in the sludge. In hard water areas, such as the site of 
Slough STW, calcium and magnesium are present in the sludge. Aluminium may be found in the sludge as a result 
of industrial discharges. Digested sludge contains high concentrations of sulphur as insoluble metal sulphides 
(Jaffer and Pearce, 2004). Table 4.1 below displays typical concentrations likely to be found in digested sludge. 
Dry Solids 
Volatile 
Solids 
Total P Total S Total Fe Total Ca Total Mg pH Alkalinity 
2.81 %wet 
weight 
1.97 %wet 
weight 
35,300 
mg/kg DS 
12,500 
mg/kg DS 
12,000 
mg/kg DS 
50,000 
mg/kg DS 
5,500 
mg/kg DS 
7.29 
3,717 mg/L as 
CaCO3 
 
Table 4.1: Slough Digested Sludge (Jaffer and Pearce, 2004) 
4.3 Previous Mass Balance 
During the summer of 2000, a comprehensive mass balance of Slough STW was carried out. The aim of this mass 
balance was to determine which streams were most suitable for phosphorus recovery. Sewage liquors and sludge 
samples were collected across the entire STW network. Flow data was also collected and a mass balance using 
these figures was created. The simplified mass balance is provided below in figure 4.3.  
 
Figure 4.3: Simplified Mass Balance of Slough STW (Jaffer and Pearce, 2004) 
The soluble phosphorus levels in the SAS were relatively low at 65 mg/l, but a previous study reported 190 mg/l. 
The reduction of soluble P in SAS could have been affected by the reduction in the recirculation of the BNR lanes to 
50% capacity. The reduction in recirculation increases the nitrates concentration in the SAS. Nitrates provide a 
source of oxygen, reducing the tendency of the SAS to become anaerobic. The hydraulic retention times of storage 
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tanks affects the amount of P released from sludge. When SAS experiences anaerobic conditions, due to long 
retention times, the P is hydrolysed and released. It should be noted that this result is based on one SAS grab 
sample. The new updated mass balance will address this issue by gathering as many samples as possible. The total 
phosphorus (TP) of the anaerobic digesters was approximately 1066 mg/l with soluble P averaging 95 mg/l. It is 
suggested that P was released during digestion, but becomes chemically bound in sludge. This can also be used to 
explain the relatively low concentrations of P in the centrifuge liquors (1670 mg/l) compared to the centrifuge 
sludge cake concentrations of P (6531 mg/l). P released in the anaerobic digesters could have been refixed as 
struvite or other phosphates, held in the sludge and removed in centrifuge sludge cake (Jaffer and Pearce, 2004).  
According to this previous study, the centrifuge sludge cake, digested sludge and centrifuge liquors have the 
highest “struvite precipitation potential.” These streams all contain the highest soluble P concentrations. The 
centrifuge cake has the highest SPP because it has the highest Mg concentrations of all these streams. The 
centrifuge liquors have positive SPP, but not as high as the other streams (Jaffer and Pearce, 2004). 
Following this study, Ostara have decided to install their Pearl Nutrient Recycling Process for struvite recovery 
from centrifuge sludge dewatering liquors. In March 2010 the process was applied to digested sludge dewatering 
centrate for a short investigation. From this short study it was found that a high quality fertiliser was produced, the 
treatment performance was consistent and the process was a robust operation (Ostara, 2010a). Ostara are due to 
install a permanent Pearl Nutrient Recycling process in Slough STW in June/July 2012. 
4.4 Ostara Pearl™ Nutrient Recycling Process 
The Pearl® process produces the slow nutrient release fertiliser Crystal Green®. Crystal Green is completely 
inorganic, high purity and pathogen-free. Crystal Green also contains beneficial magnesium and is an 
environmentally sustainable product.  
 
Figure 4.4: Crystal Green Fertiliser (University of British Columbia, 2009) 
Ostara’s Pearl Nutrient Recycling Process initiates and controls struvite precipitation within an upflow fluidised bed 
reactor. As mentioned previously in chapter 3, struvite is a crystalline matrix of magnesium, ammonium and 
phosphate (MAP), which forms when each of these minerals is present in solution and the saturation point 
exceeded. When one or two of these precipitants is added the remaining compound is removed from the solution 
and struvite forms. In municipal sewage treatment plants magnesium is the limiting nutrient, therefore this is 
added to the liquors to balance the phosphorus concentration (Ostara, 2010b). The process configuration is 
provided in figure 4.5 below.  
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Figure 4.5: Ostara’s Pearl Nutrient Recycling Process Diagram 
Sludge dewatering liquors enter the reactor from the bottom and move up through increasingly larger reactive 
zones. Here magnesium is dosed to facilitate the crystallisation of struvite. The resulting struvite is harvested from 
the reactor, dried and packaged onsite (Cordell et al., 2011).  The rate of struvite formation is controlled so a high 
quality process with desired qualities (size, hardness, purity, etc.) is formed. The struvite produced by the Pearl 
process is sold as a premium quality fertiliser called Crystal Green. This slow nutrient release fertiliser is completely 
inorganic, high in purity and pathogen free. It offers beneficial magnesium nutrients and is an environmentally 
sustainable product (Ostara, 2010a). Ostara’s nutrient recycling process at Portland’s Durham WWTW processes 
100% of the wastewater through the reactor and achieves 90% P recovery, yielding 500 t a-1 of struvite (Cordell et 
al., 2011). 
Benefits of the Pearl process for Thames Water: 
 Control of struvite formation in sludge treatment stream – improves plant reliability and allows efficient 
plant operation and maintenance. 
 Removes nutrient load returned to works – avoids additional chemical dosing and increases treatment 
capacity of plant, thereby reducing costs. 
 Reduces phosphorus content of biosolids – facilitates land application. 
 Recovery of nutrients as environmentally friendly fertiliser – generates revenue for company and helps 
conservation of finite natural phosphorus resources. 
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Figure 4.6: From Problems to Solutions with Pearl 
4.5 Current Work 
As mentioned in the previous section, a mass balance of Slough STW was conducted in the summer of 2000 to 
determine the most suitable area for phosphorus recovery.  
As Ostara are due to install their Pearl Nutrient Recycling Process, another mass balance of Slough STW is being 
undertaken. The aim of this current mass balance is to compare the effects of Ostara’s P recovery system on the 
STW operations before and after installation. It will also address some problems with the previous 2000 mass 
balance. In order to complete the mass balance, sampling of the entire STW is being carried out. The samples are 
being taken from the same sites as previous mass balance samples. The entire STW is currently being sampled 
three times during each fortnight (on average). Sampling of this STW site is time consuming requiring 3-4 hours 
each visit. Sewage liquors and sludge samples are collected throughout the entire STW. Provided below is a 
schematic diagram of Slough STW indicating sampling points. Sewage liquors are collected at six different sites and 
sludge grab samples are gathered from eight sample points throughout the STW. 
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Figure 4.7: Mass Balance Diagram of Slough STW 
Outlined below is a list of sewage or sludge samples and where specifically in the STW process each is sampled. 
After collection of sewage/sludge from Slough STW, samples are transported to Thames Water’s Quality Centre 
Laboratory in Spencer House, Reading. Here the samples are analysed and available to collect online using 
SampleManager software. The main aim is to monitor total phosphorus and ammoniacal nitrogen flows 
throughout the STW. However, other parameters such as biochemical oxygen demand (BOD), chemical oxygen 
demand (COD) and pH are useful to monitor also. The table below displays the parameters which are measured by 
Spencer House laboratory for the sewage liquor and sludge samples. 
Table 4.2: Sewage Liquor Samples 
Sewage Liquor Samples 
 Crude Sewage 
 Settled Sewage 
 Final Effluent 
 PFT Liquors (grab sample) 
 Belt Liquors (grab sample) 
BOD, BODf, COD, CODf, SS, TN, NH4, TON, NO2, NO3, PO4, TP 
 Centrifuge Liquors (grab sample) 
Alk, PO4, pH, NH4, PO4, SS, Ca, Mg, TP, Na, Al, P, K, Mn, Fe, Ni, Cu, Zn, Br, Sr, 
Ba 
 
Table 4.3: Sludge Samples 
Sludge Samples 
 Primary Sludge 
 PFT Sludge 
 Belt Feed 
 Belt Sludge 
 Digester Feed 
 Digested Sludge 
 Centrifuge Sludge 
 Sludge Cake 
DS, VS, NH4, TP, pH, Alk 
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BOD: 5 day biochemical oxygen demand, BODf: filtered 5 day biochemical oxygen demand, COD: chemical oxygen demand, 
CODf: filtered chemical oxygen demand, SS: solids suspended @ 105°C, TN: total nitrogen as N, NH4: ammoniacal nitrogen, 
TON: nitrogen total oxidised as N, NO2: nitrites as N, NO3: nitrates as N, PO4: soluble reactive P, TP: total P, Alk: alkalinity, DS: 
dry solids @ 105°C, VS: volatile solids: loss on ignition 550°C on dry matter. 
Autosamplers are in place to collect composite sample of some sewage liquors over a 24 hour period. However, 
due to space constraints some liquors must be sampled by grab samples. Occasionally samples must be taken by 
grab sample where autosamplers have failed to collect samples. This can occur by human error, batteries dying, 
mechanical failures, software failures, low flows, etc. A note was taken when samples normally obtained by 
autosamplers where instead collected by grab sampling. The list above notes where grab samples are taken and 
those left unmarked can be sampled by an autosampler to collect composite samples. The mixture between 
composite and grab samples leads to variability of results. Grab samples are taken at approximately the same time, 
and therefore outlet samples may not reflect the feed conditions of several ours ago. The conditions relating to the 
inlet sample are not necessarily represented also (Jaffer and Pearce, 2004). 
Accurate mass balances are difficult to achieve, along with composite/grab sample problems, there are difficulties 
when measuring flows throughout the STW. Flows can be directly measured of incoming sewage, settled sewage, 
effluent out, thickened SAS, thickened primary sludge and centrifuge feed flows. Other flows have to either be 
deduced or calculated from pump run hours and estimates of pump outputs (Jaffer and Pearce, 2004). The flows 
are deduced from SCADA (Supervisory Control And Data Acquisition) graphs detailing flows over intervals across 24 
hours. The highest and lowest flows are pinpointed on the graph and an average of these is calculated with 
standard deviation.  
4.5 Future Work 
Slough STW is currently being sampled three times during each fortnight. This work will continue as Ostara install 
their Pearl Nutrient Recycling system. After installation, sampling will continue for as long as is deemed valuable. 
Mass balances of Slough STW will be calculated both before and after the installation of the P recovery system. 
This will allow for the believed reduction in nutrient loads to be compared pre- and post- Ostara Pearl Nutrient 
Recycling system. The benefits with regards operation and maintenance of the STW will be monitored. Initially the 
operation and maintenance of the Ostara Pearl system will be conducted by Ostara personnel. However, after a 
period of time this will be handed over to Thames Water operations personnel. After installation the process must 
be optimised to achieve greatest P recovery as struvite. Among other adjustments, the feed and recycle flow rates 
can be altered to control the dilution ratio and establish an optimum loading rate (Ostara, 2010b). 
The mass balance will be calculated using Excel to model the flows throughout the STW. Other packages such as 
ChemCad can be used to model the mass balance also. It is a useful transferable skill to learn these various 
modelling programmes. The liquors and sludge flows will be calculated firstly and then P flows will be determined 
for the mass balance. Other flows such as BOD, COD will be incorporated into the mass balance also to obtain a 
fuller view of the STW. 
Phosphorus flows throughout the land mass of the UK will be modelled as part of the Industrial Ecology aspect of 
this EngD project. Therefore it is wise to begin with a smaller mass balance based in the confines of a STW and 
then scale up the system in a substance flow analysis for the UK. 
Struvite recovery is limited to digester liquors and other high concentration side streams. The process can only be 
applied to a small number of phosphorus removal STWs in the UK. Thames Water operates eight sewage 
treatment works utilising biological P removal systems to meet discharge limits. As a result of this relatively small 
opportunity for P recovery, other avenues such as incinerator ash are also being investigated. The development of 
new phosphorus recovery technologies are discussed in chapter 5 of this report.  
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Chapter 5: Phosphorus Recovery from Ash 
5.1 Introduction 
Alongside the struvite recovery and mass balance being conducted at Slough STW, incinerator ash samples are 
being examined for P recovery potential. According to Tan and Lagerkvist (2011), incinerator ash has a relatively 
high P content of approximately 5.4% by weight. Other conversations suggest incinerator ash can contain double 
this at nearly 10% P concentration by weight (Pearce, 2012). Considering that approximately 35-40 tonnes of ash 
are produced at Beckton incinerator every day, this represents a large portion of P available for recovery as a 
fertiliser. Plant nutrients such as P, K, Mg and Na are said to be nearly “completely recoverable” in agriculturally 
usable ash (Lagerkvist and Tan, 2011).  
The water solubility of phosphorus in incinerator ash samples was investigated. There are many different methods 
of recovering P from ash (as discussed below). However, the water solubility of P in ash was investigated as it is a 
relatively simple and sustainable method of recovering P. the aim of this project is to develop softer, sustainable 
phosphorus recovery technologies using less chemical demand. A short review of P recovery technologies 
currently being used are provided below. The details of the preliminary water solubility experiments using Tate 
and Lyle incinerator ash are outlined in section 5.3. 
5.2 Phosphorus from Ash Recovery Technologies 
There are various methods for achieving P recovery from ashes, a description of some P recovery from ash systems 
are provided below. The processes can be broadly categorised into sorting, leaching and thermo processes.  
5.2.1 Sorting 
Sorting processes for P recovery are a less demanding technologically and can be operated at lower utility and 
chemical consumption than other ash recovery processes. However, sorting requires minerals in ashes to be 
sufficiently exposed so the process is effective. The P to be recovered and impurities or other worthless materials 
must be present in discrete particles or at least adequately uncovered from its enclosed particles. Magnetic 
separation is one sorting method which has been experimented. Using a magnetic roll separator, heavy metal 
particles from the magnetic fraction are abstracted to enrich phosphate minerals from the non-magnetic fraction. 
Unfortunately separation has not been possible thus far. Flotation which is widely used in the minerals industry for 
processing of apatite ores failed to release phosphate from sewage sludge ash (SSA) in the flotation froth. 
Carboxylic acids, phosphoric acid esters or similar chemicals were used to render particles containing phosphate 
hydrophobic. It was not possible to float unwanted heavy metal minerals using amines as flotation chemicals. Due 
to the adverse effects of the trials, it was confirmed that SSA grains consist mostly of glassy-phase materials and 
free phosphate mineral phases do not exist. Due to the lack of phosphate separation using sorting techniques, it 
was determined that leaching and thermal processes are most suited to recovery of P (Franz 2008). 
5.2.2 SUSAN/ASH DEC 
Thermo-chemical recovery of P is one of the more promising phosphate ash technologies investigated. The 
European Project SUSAN (Sustainable and Safe Reuse of Municipal Sewage Sludge for Nutrient Recovery) aims to 
develop sustainable and safe strategies for nutrient recovery from sewage sludge using thermo-chemical 
treatment (Adam et al., 2009). ASH DEC Umwelt AG in partnership with the SUSAN project investigates the 
thermochemical processing of ash into marketable products. ASH DEC undertake investigations into 
thermochemical processes, conduct market analysis, plan large scale applications and disseminate results. ASH 
DEC manufacture technology to recover phosphorus from ash that remains from energy recovery from sewage 
sludge and other phosphorus rich biomass (IWAR, 2012). 
The ASH DEC technology is a thermal decontamination process similar to calcination (Outotec, 2011). This thermo-
chemical process eliminates heavy metals from ash and makes phosphorus more bio-available (IWAR, 2012). The 
first step of the SUSAN/ASH DEC project involves mono-incineration which completely destroys organic pollutants 
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(SUSAN 2008). In the thermochemical step, P is transformed into the mineral phase available for plants (Adam et 
al., 2009). It is this second step “key-technology” which is developed and optimised by the SUSAN project (SUSAN 
2009). The SUSAN project’s thermochemical process is based on the evaporation of volatile heavy metal chlorides 
at high temperatures. Sewage sludge ashes are mixed with chlorine donors such as MgCl2 or KCl then grained and 
treated in a rotary furnace (SUSAN 2007). The schematic below displays the steps involved in SUSAN/ASH DEC 
process. 
 
Figure 5.1: Schematic of the Pathways of Organic and Inorganic Pollutants in SUSAN/ASH DEC (Adam et al., 2009) 
A mixture of ash and natural earth alkali salt additives (MgCl2 and KCl) are fed to a thermal reactor and heated at a 
temperature of 1,000-1,050°C for 20 minutes. At this high temperature heavy metals such as mercury, cadmium, 
lead, copper and zinc react with the salts, become gaseous and evaporate. As during any incineration of phosphate 
compounds, organic phosphates are transformed into plant available inorganic phosphorus. The phosphate 
powder rich in trace nutrients and free from toxic contaminants is continuously discharged from the reactor and 
cooled (Outotec, 2011). A mechanical finish converts the phosphate semi-product to marketable phosphate and 
complex fertilisers (IWAR, 2012). 
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Figure 5.2: ASH DEC thermal phosphate recovery process (Outotec, 2011) 
5.2.3 BioCon 
The BioCon process is similar to the used method for the wet production of phosphoric acid adopted by the 
phosphate industry (Hultman et al., 2001). In the BioCon process, sludge is dried and incinerated using the heat 
from the combustion in the drying step. The ash is ground and then extracted using sulphuric acid. Phosphoric 
acid, ferric iron and potassium hydrogen sulphate are recovered from the liquid phase using ion exchange 
techniques. Heavy metals are transferred to a small waste stream. However, this method has its drawbacks in that 
large volumes of expensive chemicals are utilised. This process has not yet been implemented in a commercial 
facility (Pettersson et al., 2008). 
 
Figure 5.3: The BioCon Process Scheme 
5.2.4 SEPHOS 
The SEPHOS (Sequential precipitation PHOSphorus) process involves treating ash with sulphuric acid at pH <1.5. 
The solids are separated and the pH of the remaining filtrate is increased step-wise to pH 3.5 by the addition of 
caustic soda or AlPO4 which separates the phosphorus and heavy metals. By increasing the pH, the phosphorus is 
re-precipitated as aluminium phosphate (Pettersson et al., 2008; Wzorek and Gorazda, 2007). 
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5.2.5 Leaching with Acid/Base 
Leaching of phosphorus is a promising method which recovers a high concentration of P from ash. However, the 
large chemical quantities used are not deemed sustainable, neither environmentally nor economically. In Franz’s 
(2008) process, it is suggested that more than 90% of phosphorus can be extracted from sewage sludge ash (SSA). 
In the first step phosphorus is leached from the SSA using sulphuric acid. After leaching ion exchange is performed 
on the solution to remove heavy metals and purify the solution. Lastly, phosphates are precipitated as calcium 
phosphate using lime water. The resulting phosphate sludge is dewatered by filtration, dried and ground to 
produce a powdery fertiliser. 
 Levlin et al. (2004) also investigated the leaching of phosphate from sludge incineration ash (as well as 
supercritical water oxidation residues). Incinerator ash samples were leached using HCl acid and NaOH base. Acid 
leaching offered higher release of phosphorus and most metals from ash than base leaching. However, most 
metals are insoluble in bases, producing a phosphorus product with less contamination. Acidic leaching produced 
an iron phosphate (which is less available to plants), while alkaline leaching created calcium phosphate (more 
available to plants). To recover the mineral, they suggest precipitating phosphate in the leachate as calcium 
phosphate. 
Biswas et al. (2009) also conducted research into the acid leaching of phosphorus from incinerated SSA. The 
leaching of phosphorus increased with increasing acid (HCl and H2SO4) concentrations. A gel made from orange 
waste was used to adsorb the phosphorus from leachate. The saponified orange waste (SOW) was loaded with 
Zr(IV) to achieve selective adsorption of phosphorus. The authors write that this method of recovery provides “a 
hint for recovery of this natural resource.” It is not yet a commercial P recovery technology. 
There has been much research conducted into the acid/base leaching of phorphosrus from SSA. Pettersson et al. 
(2008) investigated recovery of P using acid leaching from co-combustion of sewage sludge and wood. Dontello et 
al. (2010) used a sulphuric acid washing procedure to produce a technical grade phosphoric acid from incinerator 
SSA. Kersch et al. (2004) focused on the leachability of metals from fly ash using supercritical CO2. While 
phosphorus was not the main target, this is another method which can be considered in the recovery of 
phosphorus from ash. 
There are many more phosphorus from ash recovery systems not discussed above such as; Thermphos and 
MEPHREC. While there are many P from ash recovery systems, most are energy intensive and require large 
amounts of environmentally unfriendly acids/bases. The section below describes initial studies into the water 
solubility of phosphorus from incinerator ash. If phosphorus from ash can be solubilised using water, either 
directly or in an adapted form, this represents a safe, inexpensive method of P recovery. The aim is to use waste 
streams from WWTW either in direct or adapted form to produce a phosphate fertiliser. The overall objective of 
this project is to investigate a more sustainable, softer eco-friendly method of recovering P from ash with less 
chemical demand. 
5.3 Ash Samples 
Five ash samples were collected from a 65 MW biomass combined heat and power (CHP) incinerator at a Tate and 
Lyle factory incinerator in Silvertown, London. Ash samples were collected from various parts of the incinerator to 
compare phosphorus recovery potentials. Ash samples are: fly ash, baghouse fly ash, bottom ash and silo ash (see 
glossary of terms). The fuel for this CHP is wheat feed, a by-product of flour milling which is imported from outside 
London (London Energy Partnership, 2008). This ash was selected for investigation of P recovery as the wheat feed 
generally contains higher essential nutrient concentrations than SSA. The table below (adapted from Tan and 
Lagerkvist, 2011) displays the ultimate element analysis of C, H, N, S and O for wheat straw and sewage sludge 
ashes. It can be seen that in most cases the wheat straw ash contains more essential elements than the sewage 
sludge ashes.  
 
Table 5.1: Ultimate Element Analysis of Wheat Straw and Sewage Sludge Ashes 
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Element C H N S O 
Wheat Straw 1 43.2 5.6 1.0 0.18 50.02 
Wheat Straw 2 40.78 5.84 0.178 0.283 52.919 
Wheat Straw 3 44.8 7.01 0.56 0.17 47.46 
Wheat Straw 4 46.95 5.355 0.506 0.222 39.7 
Wheat Straw Average % 43.9325 5.95125 0.561 0.21375 47.52475 
Sewage Sludge 1 42.0 6.0 6.0 0.9 43.2 
Sewage Sludge 2 38.2 4.3 4.5 0.9 20.9 
Sewage Sludge 3 22.7 3.3 3.1 1.6 15.5 
Sewage Sludge Average 
% 
34.3 4.53 4.53 1.13 26.53 
 
Five ash samples were collected from Tate and Lyle’s incinerator; fly ash, baghouse ash, bottom ash and silo ash. 
These ash samples were brought to Thames Water Utilities Spencer House laboratories for metals analysis. In this 
way the components of ash and minerals released during the water solubility experiments can be compared. A full 
list of results from the ash analysis for each sample is provided in the appendix. (It must be noted that K, N and S 
results are not yet available for the silo ash.) In the section below only the total phosphorus (TP) contents of the 
ashes are discussed.  
5.3.1 Total Phosphorus Content of Ash Samples 
Schiemenz et al. (2011) report that wheat straw ashes contain 1.3% P dry weight. However, it can be seen from the 
graph below that this incinerated wheat ash contains much higher amounts of TP. The lowest TP content is seen in 
the bottom ash at 9.006%, while the greatest TP content is found in fly ash #2 at 13.01% - a ten fold increase at 
best. 
 
Figure 5.4: Total Phosphorus Contents of Incinerated Ash Samples 
Tan and Lagerkvist (2011) note that P content is greater in fly ashes than bed ashes. Generally, 75-98% of P leaving 
the boiler is retained in the fly ash. They indicate that fly ash should be the focus of P recovery from ashes. The 
results of this experiment are in agreement with Tan and Lagerkvist’s statement. Tan and Lagerkvist also state that 
volatile Na, K, S, Al, Ca, Fe, Mg and P are found in considerable concentrations along with other trace elements on 
the surface of the fly ash particles. 
As well as conducting experiments on Tate and Lyle incinerator ash, water solubility experiments will be carried 
out on dried sludge and pyrolysed dried sludge obtained from Slough STW and incinerator ash sourced from 
Beckton sewage sludge incinerator. Results from these analyses are not yet available. Results will be graphed along 
with the Tate and Lyle ash samples. 
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5.4 Water Solubility of Phosphates in Ash Experiments 
The aim of these preliminary experiments was to determine roughly the water solubility of phosphates in various 
ash samples. As mentioned above ash samples were collected from Tate and Lyle’s wheat fed incinerator. Five 
samples were collected from different sections of the incinerator; fly ash, baghouse fly ash, bottom ash and silo 
ash. Different ash samples were chosen to compare the water solubility of ash samples across the incinerator.  
5.4.1 Method 
In order to investigate the water solubility of the ash samples, 1 g of each ash sample was weighed using an 
electronic scale. Each ash sample was placed in separate conical flasks containing 1L of distilled water. Using 
magnetic stirrers the ash/water solutions were stirred for one hour to allow leaching of the ash into the distilled 
water. After one hour the ash/water solutions were filtered using a vacuum filter apparatus. The filtrates (known 
ash liquors for this experiment) were poured into separate container for preliminary analysis. Conductivity and pH 
were measured using probes, while Ca and PO4-P were measured using Merck spectroquant cell test kits. The 
remaining ash liquors went sent to Spencer House laboratories for further analytical testing. The results from the 
preliminary tests are displayed in the table below. It must be noted that results obtained from the Spencer House 
laboratories are generally greater than those observed in the Island Road laboratory. This is due to different 
methods used to analyse samples and the better accuracy achieved by Spencer House. 
5.4.2 Results and Discussion 
The table below displays results obtained by ash liquor analysis in the Island Road laboratories. According to the 
dry ash analysis, baghouse ash contained lower P concentrations than the fly ash samples. However, upon 
conducting water solubility tests, baghouse ash produced the greatest concentrations of P in the ash liquors. As of 
yet there is no explanation for this, but experiments will be repeated to verify results. By checking the conductivity 
of samples regularly, it was foreseen that the baghouse fly ash sample would contain the greatest concentrations 
of P. Conductivity in water is affected by inorganic dissolved solids; anions and cations. The high conductivity of the 
baghouse ash liquors over the other liquor samples suggested there is a large amount of anions and cations in the 
filtrate. Organic compounds have low conductivity in waters (US EPA, 2011). The conductivity is an important 
measure since inorganic P is said to be the only form bio-available for plants. 
Table 5.2: Preliminary Results from Water Solubility Experiments (Island Road Laboratory) 
ASH LIQUORS Fly Ash #1 Fly Ash #2 Baghouse Fly Ash Bottom Ash Silo Ash 
Phosphorus as P (mg/l) 14.7 26.2 99.8 17.1 39.9 
Phosphorus (%) 1.4 2.6 10 1.7 4 
Calcium (mg/l) 19 19 24 16 10 
pH 8.78 8.4 6.71 8.26 9.43 
Conductivity (μS/cm) 380 447 948 300 470 
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Figure 5.5: Total Phosphorus Contents of Ash Liquor Samples (Spencer House Laboratories 
The graph below displays the reported TP content of ash compared to the TP released after solubility experiments. 
The TP contents of ash were determined using the method of acid digestion of samples. Digestion is defined as the 
“mineralization of the organic matter of a samples and the dissolution of its mineral part, more or less completely, 
when reacted with a reagent” (ECN, 2003). Acid digestion releases large amounts of any minerals present in the 
ash samples. The graph shows that from simple water leaching experiments, comparable concentrations of TP 
were released from ash samples. This is a very encouraging result. 
 
 
Figure 5.6: Total Phosphorus Contents of Dry Ash Samples Versus Ash Liquor Samples 
The graph in figure 5.7 below depicts the concentrations of TP and K in ash samples versus the ash liquor water 
samples (graph was plotted by Supervisor Stephen Morse). It is clear that for TP and K, the concentrations released 
from the water solubility experiments are a function of the existing concentrations in the ash samples. This result 
is quite expected and allows prediction of water solubility experiments even before they are conducted. In this 
way results can be verified and monitored for correctness. 
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Figure 5.7: TP and K Concentrations of Dry Ash Versus Ash Liquors 
After these initial experiments, fly ash #1 and silo ash were chosen to conduct further experiments upon due to 
their highly alkaline pH values (8.78, 9.43 respectively). The aim of these experiments was to determine the effects 
of reducing the pH to neutral (7) on the phosphate released from the ash into distilled water. A 1g sample of fly 
ash #1 and silo ash were mixed with 1L of distilled water using magnetic stirrers in a conical flask. The pH and 
conductivities were continuously monitored using pH and conductivity probes. After 1 hour 100μL of 2M HCl acid 
was added to the fly ash #1. After another 30 minutes 200 μL of 2M HCl acid was added to the two solutions using 
a pipette. The solutions were allowed to stir for approximately 24 hours before filtering samples using vacuum 
filtration apparatus. The phosphate, calcium, pH and conductivity of each sample were measured using methods 
described previously. The table below displays the progression of pH and conductivity with final phosphate 
concentrations as found by laboratory results in Island Road laboratory. Liquor samples were also sent to Spencer 
House for full analysis; the results are available in the appendix. 
Table 5.3: Fly Ash After Acid Addition 
FLY ASH #1 pH Conductivity (μS/cm) Phosphorus as P (mg/l) Calcium (mg/l) 
Initial 8.78 380 14.7 19 
4.00 pm 7.5 430 - - 
4.30 pm 7.4 480 - - 
5.00 pm 7.3 560 - - 
9.15 am 7.48 598 - - 
3.00 pm 7.53 608 - - 
5.00 pm 7.75 609 41.3 19 
 
Table 5.4: Silo Ash After Acid Addition 
SILO ASH pH Conductivity (μS/cm) Phosphorus as P (mg/l) Calcium (mg/l) 
Initial 9.43 470 39.9 10 
4.00 pm 9.43 430 - - 
4.30 pm 7.0 470 - - 
5.00 pm 7.1 458 - - 
9.15 am 7.2 523 - - 
3.00 pm 7.28 535 - - 
5.00 pm 7.47 538 41.9 19 
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The results vary when compared to those obtained by the Spencer House (SH) laboratory. Spencer House results 
display a reduction in P content after acid addition in the fly ash #1 sample, while in the Island Road (IR) laboratory 
approximately a 4-fold increase in P was discovered. However, for the silo ash sample an increase in P content was 
in agreement for both the Spencer House and Island Road laboratories. These experiments will be repeated in 
order to offer a conclusive answer on the water solubility of P with the addition of small volumes of HCl acid. 
 
Figure 5.8: Water Soluble TP Content Versus Water with Acid Soluble TP (Comparison of SP vs. IR) 
5.5 Ash Experiments – Next Steps 
As mentioned previously, dried sludge and pyrolysed dried sludge were obtained from Slough STW and sent to 
Spencer House laboratories for analysis. Results from these analyses are not yet available. Incinerator ash sourced 
from Beckton sewage sludge incinerator will also be available in the coming weeks. These will also be sent for ash 
analysis in Spencer House laboratories. It is beneficial to obtain as many ash and dried sludge samples as possible 
to determine which source has the best potential for phosphorus recovery. Water solubility of these samples will 
be conducted and results graphed and compared against Tate and Lyle incinerator ash liquor samples. 
The results shown and discussed here are simple initial experiments to discover the behaviour of ash samples. The 
next steps of the experiments will be carried out in a more methodical fashion. Since beginning these experiments 
a new piece of equipment has become available – a Stuart scientific SF1 flask shaker. This piece of equipment can 
hold up to eight samples bottles and mixes all samples at the same speed for the same amount of time. The 
vigorous shaking action simulates hand shaking, which reduces time and effort taken for the experiments. 
 
Figure 5.9: Stuart scientific SF1 Flask Shaker 
In the next steps of the experiment instead of using standard distilled water, carbonated distilled water will be 
investigated for its effect on the solubility of TP in samples. Carbonation of water is a simple and environmentally 
benign method of reducing the pH to 4. This avoids the use of acid for leaching of TP entirely. The water will be 
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carbonated by using a household “soda stream” as pictured below. The experiments will be conducted as 
described above, but with the use of carbonated water instead of standard distilled water. These experiments are 
due to begin in the next month. 
 
Figure 5.10: Soda Stream 
 
Chapter 6: Other Progress 
6.1 Modules and Training/Development 
As well as carrying out work on struvite recovery at Slough STW and ash experiments in Reading STW laboratory, 
other progress achieved in this EngD includes attending taught modules in the University of Surrey (UoS) and 
various other training and development opportunities in UoS and Thames Water Utilities Ltd. 
University taught modules include: 
- Social Research Methods 
- Environmental Science and Society 
- Sustainable Development 
- Environmental Life Cycle Approaches 
All modules included pre-reading, group coursework during the module and a post-assignment reflecting on 
knowledge learnt during the module. The environmental life cycle analysis module also required a pre-assignment 
before module attendance. Results exceeding 65% were attained in each module’s coursework. The upcoming 
module in April is entitled “Transitions to a low carbon economy.” These modules have allowed a wider 
understanding and knowledge of environmental and sustainability issues to be gained. 
Other training attended includes:  
- Personal Leadership training 
- Lunchtime seminars in Thames Water 
- Practical Statistics 
- Meeting with Greener Waste Technologies 
- Science refresher course 
- Academic Writing: Writing the literature review 
- Academic Writing: Six month and annual reviews 
- RefWorks Software training 
- Site visit to Heathrow Airport reed bed water treatment system 
- Safety Passport training 
- Mass Balance Lesson 
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6.2 Conferences 
6.2.1 3rd Sustainable P Summit, Sydney 
The first conference attended as part of this EngD project was the Sustainable P Summit in Sydney, Australia. The 
Summit took place from the 29th of Feb - 2nd of March in the University of Technology, Sydney. This summit 
brought together international science, policy and industry stakeholders from the entire phosphorus life cycle who 
are concerned with availability and accessibility. The main aim of the three day summit was to develop a blueprint 
for global phosphorus security, outlining steps to provide a more sustainable phosphorus future. All delegates 
were authors of this blueprint and all industry sectors were represented in the workshops. The summit facilitated 
the forging of new relationships and networks to allow sharing of data, research and policies between the global 
phosphorus communities. A mixture of expert panels, soap box presentations, plenary sessions, ideas bazaar, 
seminars and workshops ensured a high level of interactivity, multi-stakeholder participation and creativity.  
Themes across the three day conference were: 
- Sustainable food systems 
- Global phosphate rock production and reserves 
- Phosphorus use efficiency in mining, agriculture and food processing 
- Phosphorus recovery and reuse 
- Phosphorus pollution and waste 
- Sustainable phosphorus strategies and global governance 
The summit format ensured a high level of interactivity, multi-stakeholder participation, creativity and be 
outcomes-oriented (Sustainable P Summit, 2011). 
Along with attending the conference to learn more about phosphorus industries and network, there was 
involvement with the “soap box” presentations. The soap box sessions allowed an opportunity for presenters to 
propose new ideas and research to attendees in a faced-paced dynamic format. The “soap box” was shared with 
fellow UK postgraduate researcher James Cooper from the University of Birmingham. The title of the presentation 
was “Phosphorus Management in the UK Water Industry – from Costly Pollutant to Valuable Resource.” The first 
section described how phosphorus is currently seen as a nuisance pollutant. While, my half of the presentation 
addressed how Thames Water Utilities Ltd. and the University of Surrey are investigating methods to recover 
phosphorus as a valuable resource and thus close the phosphorus loop. Provided below is the presentation 
abstract and the PowerPoint slides presented. 
“In order for countries to increase phosphorus security and resilience to global scarcity, a phosphorus 
management strategy is required to increase resource efficiency. A major part of this strategy will be to increase 
the recovery and recycling of organic waste streams, which will become increasingly valuable. Within the UK, 
the water industry is ideally placed to recover and recycle phosphorus as a resource stream, therefore playing a 
major role in UK phosphorus management. However, this will require a shift from treating phosphorus as a 
pollutant, towards managing phosphorus as a valuable and finite resource. The research examines the external 
drivers for phosphorus recovery, such as global scarcity and further price rises, and assesses the implications of 
these drivers on the behaviour and investment strategies of the water industry in order to determine what is 
required for this shift from pollutant to resource to occur.” – Abstract for James Cooper and Rosanna Kleemann 
presentation, Phosphorus Management in the UK Water Industry – from Costly Pollutant to Valuable Resource. 
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Figure 6.1: Sustainable P Summit Presentation – James Cooper 
 
Figure 6.2: Sustainable P Summit Presentation – Rosanna Kleemann 
Phosphorus Management in the UK Water 
Industry – Pollutant to Resource
• Phosphorus as a Pollutant
By James Cooper and Rosanna Kleemann
UK waste water treatment works receive 
phosphorus from our wastes. 
55,000 tonnes of phosphorus
34,000 tonnes of phosphorus
21,000 tonnes of phosphorus
Existing legislation requires P removal at 
some WwTWs, mostly by ferric dosing. 
P is removed in sewage sludge...
...or discharged to water bodies. 
To achieve ‘good ecological status’ under the 
WFD, additional P removal may be required.  
Conclusion: The UK water industry currently 
manages phosphorus as a pollutant.
Over 80% recycled to land, but 
disposal is difficult.
Potentially damaging UK 
surface waters. 
•Phosphorus as a Resource
 What are we doing?
- Struvite recovery 
- Potential P recovery from incinerator ash
• Why are we doing it?
- WW is a large point source for P recovery
- Turn struvite problem into beneficial resource
- Possible to recover 10% P from incinerator ash
From a Problem
To a Product
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The 4th Sustainable P Summit will be held in Montpellier, France in August 2014. This will allow good opportunity 
to present again, meet more key actors and learn more about the struggle against the phosphorus crisis. 
6.2.2 EngD Conference 
This year’s EngD Conference is being held on the 26th and 27th of June 2012. This year the Centre for Environmental 
Strategy (CES) celebrates its 20 year anniversary. All research engineers are required to present at this conference. 
All abstract must be submitted by the 2nd of April 2012. Since this project began quite recently a 5 page paper must 
be submitted and a poster based on this paper presented. The paper will essentially be an extended project 
description based upon the original project outline. The aims and background of the project will be discussed. 
Specific comments and description of work being undertaken and results will be presented also (CES, 2012). The 
abstract for the EngD conference is provided below. 
Sustainable Phosphorus Recovery from Waste Treatment Plants 
Phosphorus is an essential element for all living organisms, it is a non-renewable resource. Current global 
phosphorus reserves may be depleted in 50-100 years. The aim of this project is to investigate the possibilities 
for improving the efficiency of use of phosphorus in the economy through phosphorus recovery from waste 
treatment plants. In Thames Water Utilities Ltd., efficient phosphorus use is achieved by integrating Ostara’s 
Pearl Nutrient Recovery process in a wastewater treatment works. New sustainable phosphorus recovery 
technologies from incinerator ash are also under development. These projects use waste streams either in direct 
or adapted forms to recover phosphorus as a fertiliser. The overall aim is to develop softer, sustainable methods 
of phosphorus recovery with less chemical demand. Recovery of phosphorus from waste treatment plants can 
help alleviate the phosphorus crisis by closing the phosphorus loop. 
Keywords: Phosphorus; Struvite; Ash; Recovery; Wastewater; Sustainability 
6.3 Global Sustainable P Postgrad Network 
Along with these activities progress has been made into creating and becoming a member of a Global Sustainable 
P Postgrad network. This is a new network which is being set up across the globe to identify and unite 
postgraduate students involved in P related research. This can allow a community of researchers to be built up, 
collaboration and information can be more easily promoted in this format. The first meeting for this Global 
Sustainable P Postgrad network will take place on the 28th February 2012 in Sydney University of Technology. 
Within the UK only two other P researchers have been identified thus far. The P postgrad network will provide 
opportunity to increase a more local network. A meeting for UK based researchers has been proposed for summer 
2012. 
6.4 Industrial Ecology 
As stated in chapter one, another aspect of this project is the “industrial ecology” of phosphorus. One aim is to 
create a model of phosphorus flows throughout the UK using ChemCad or another such modelling piece of 
software. This portion of the project will allow understanding of the fate of phosphorus on a regional scale. The 
impacts of recovery and reuse can be determined using this model. However, as of yet little work has been carried 
out in this area compared to the Slough struvite and ash experiment projects.  
It was discovered through correspondence that work is being conducted in the University of Birmingham to create 
a substance flow analyses of P in the UK. This work mostly relates to the food systems and incorporates fertilisers, 
crop production, soil stock, wastewater treatment works, sludge, etc. The paper on this topic is yet to be finalised, 
but is expected within the coming months. More recently, from correspondence with another PhD student in the 
University of Surrey it was found that work is also being conducted here observing P flows in the UK. A 
mathematical multi-level model of industrial ecosystems, specifically phosphorus in the UK, is being created. 
Due to the work currently being undertaken it has been difficult to find an area in which to explore the industrial 
ecology of P in the UK. Since the current work is more than a year underway it seems inefficient and senseless to 
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repeat work which is being conducted in the same field. Therefore, to avoid overlapping of material, the work from 
the other researchers will be observed and time will be taken to identify and fill gaps in the research/knowledge. 
Opportunities for collaboration between researchers have been discussed. However, the field of expertise must be 
determined to make this a fruitful venture. A meeting between three current research interested in this field is 
proposed for summer 2012. 
6.5 Gantt Chart of Activities 
Provided below is a Gantt chart outlining activities which will be undertaken over the entire four years of this EngD 
project. Since the Ostara Nutrient Recycling process will be installed in summer 2012, Slough STW sampling will 
continue until mid-way through year 2 to allow time to monitor the changes in the site properly. The mass balance 
is based upon data gained from the sampling of Slough STW. Therefore the activity of completing the mass balance 
will continue on for a few weeks past ending the sampling of Slough STW. The ash experiments currently being 
conducted are initial scoping experiments to investigate and discover the behaviour of ash samples. Intermediate 
experiments and advanced, scaled up experiments will continue for the entire four years of the EngD project. The 
industrial ecology side of the project will also be investiagted over the four years. University of Surrey modules 
must be attending across the four year period, mostly during the academic semesters. The 3rd Sustainable P 
Summit has already been attended, with the next 4th Sustainable P Summit due to take place in August 2014. The 
University of Surrey EngD conference will take place in June 2012 and is an annual mandatory conference. Any 
other relevant conferences will be attended as and when they arise. It is envisaged that time will be sparse 
approaching the end of the four years and it is not yet certain if time will allow the attendance of further 
conferences. Supervisory meetings must be held every two months for the duration of the EngD project. A 
progress report is due every six months over the four year period with viva undertaken at the end of the second 
year. Much of the final year will be spent writing the final thesis addressing work completed over the entire four 
year period. Lastly, training and personal development will continue to be learned and improved upon 
continuously. 
Sustainable P Recovery from Waste             Appendix D: Six Month Report 
D-42 
 
Figure 6.3: Gantt Chart of Activities 
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Appendix 
 
Figure A1: Phosphate Rock Prices (Data from Indexmundi 2011) 
 
Table A1: Analysis of Ash Samples 
ASH ANALYSIS (All dry weight) Fly Ash 1 Fly Ash 2 Baghouse Fly Ash Bottom Ash Silo Ash Units 
Phosphorus Total 118400 130100 117000 90060 119000 mg/kg 
Nitrogen Total 3100 6600 2100 13400 - mg/kg 
Dry Solids (105C) 98.96 98.58 98.47 97.6 71.07 % 
Loss on Ignition  (550C) on Dry Matter 8.1 13.7 15.6 24.3 17.9 % 
Copper 157.9 187.2 222.1 141.8 159.1 mg/kg 
Zinc 688.9 872.5 3128.1 697.3 1228.3 mg/kg 
Cadmium 0.1 0.2 5 0.3 1.2 mg/kg 
Mercury 0.03 0.02 0.07 <0.01 0.02 mg/kg 
Lead 5.3 1.5 5.9 7.1 3.5 mg/kg 
Chromium 1.6 1.7 3 1.3 3.3 mg/kg 
Nickel 5.8 6.7 9.3 5.2 8.6 mg/kg 
Molybdenum 19.6 21.1 32.1 19.6 19.4 mg/kg 
Selenium 0.229 0.51 2.615 0.279 0.991 mg/kg 
Arsenic 0.9 0.4 1.9 1.4 0.9 mg/kg 
Potassium 11.507 13.537 16.976 10.167 14.249 % 
Calcium 14148 17076 11566 15441 17667 mg/kg 
Magnesium 53855 57491 22414 41371 49059 mg/kg 
Iron 3448 3143 1543 3393 3296 mg/kg 
Sulphur Total 2064 9279 24151 2989 - mg/kg 
Aluminium 1156 933 583 2427 - mg/kg 
Fluoride <35 <35 <35 <35 <35 mg/kg 
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Table A2: Analysis of Ash Liquor Samples 
ASH LIQUOR ANALYSIS Fly Ash 1 Fly Ash 2 Baghouse Fly Ash Bottom Ash Silo Ash Units 
Phosphorus Total by ICP 94.325 101.14 140.9 58.892 59 mg/l 
Antimony <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 mg/l 
Barium 0.0837 0.0854 0.0995 0.1498 0.0654 mg/l 
Boron 0.021 0.024 0.156 0.036 <0.017 mg/l 
Arsenic <0.0003 <0.0003 0.0026 0.0005 <0.0003 mg/l 
Cadmium <0.0002 <0.0002 0.0044 <0.0002 <0.0002 mg/l 
Magnesium 35.8 36.2 20.7 21.5 17.9 mg/l 
Selenium <0.0008 <0.0008 0.0034 <0.0008 <0.0008 mg/l 
Sodium 1.1 1.3 2.0 5.2 1.8 mg/l 
Copper 0.071 0.049 0.187 0.036 0.015 mg/l 
Calcium 3.2 4.5 6.7 4.6 1.7 mg/l 
Molybdenum 0.0178 0.0199 0.0428 0.0116 0.0155 mg/l 
Vanadium <0.0016 <0.0016 <0.0016 <0.0016 <0.0016 mg/l 
Zinc 0.463 0.573 3.756 0.374 0.035 mg/l 
Cobalt <0.0023 <0.0023 <0.0023 <.0023 <0.0023 mg/l 
Chromium 0.0026 0.003 0.0056 0.0016 <0.0012 mg/l 
Lead 0.0005 0.0003 0.0022 0.0011 <0.0003 mg/l 
Potassium 115.5 130.5 262.1 76.1 116.6 mg/l 
Manganese 0.5972 0.5964 0.8169 0.5168 0.1101 mg/l 
Nickel 0.0022 0.0022 0.0071 <0.0016 <0.0016 mg/l 
Iron 1.1318 1.264 0.9581 0.7594 0.0545 mg/l 
Aluminium 0.0912 0.0913 0.1542 0.1994 0.0109 mg/l 
 
 
Table A3: Analysis of Ash Liquor Samples Versus Ash + Acid Liquor Samples 
ASH LIQUOR ANALYSIS Fly Ash 1 Fly Ash 1 with Acid Ash Silo Ash Silo with Acid Units 
Phosphorus Total by ICP 94.325 82.22 59 76.83 mg/l 
Antimony <0.0005 <0.0005 <0.0005 <0.0005 mg/l 
Barium 0.0837 0.0903 0.0654 0.086 mg/l 
Boron 0.021 0.06 <0.017 0.036 mg/l 
Arsenic <0.0003 0.0003 <0.0003 0.0004 mg/l 
Cadmium <0.0002 <0.0002 <0.0002 <0.0002 mg/l 
Magnesium 35.8 21.0 17.9 28.9 mg/l 
Selenium <0.0008 <0.0008 <0.0008 <0.0008 mg/l 
Sodium 1.1 1.9 1.8 2.1 mg/l 
Copper 0.071 0.121 0.015 0.027 mg/l 
Calcium 3.2 4.7 1.7 5.6 mg/l 
Molybdenum 0.0178 0.0232 0.0155 0.0152 mg/l 
Vanadium <0.0016 <0.0016 <0.0016 <0.0016 mg/l 
Zinc 0.463 0.258 0.035 0.28 mg/l 
Cobalt <0.0023 <0.0023 <0.0023 <0.0023 mg/l 
Chromium 0.0026 0.0024 <0.0012 0.0021 mg/l 
Lead 0.0005 0.0016 <0.0003 0.0003 mg/l 
Potassium 115.5 176.5 116.6 141.5 mg/l 
Manganese 0.5972 0.0641 0.1101 0.4344 mg/l 
Nickel 0.0022 <0.0016 <0.0016 0.002 mg/l 
Iron 1.1318 2.2055 0.0545 0.5366 mg/l 
Aluminium 0.0912 0.2677 0.0109 0.0687 mg/l 
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Glossary of Terms 
For the purposes of this report the following definitions are provided: 
Baghouse – an air pollution control device used to filter particulates from waste combustion gases; a chamber 
containing a bag filter. Therefore baghouse ash is ash retained in this filter (US Department of Energy, 2007). 
Bottom ash – after combustion of waste ash residue remains, this is known as bottom ash (Covanta Energy, 2009). 
Composite samples – collection of numerous individual discrete samples taken at regular intervals usually over 24 
hours. The material being samples is collected in a common container over the sampling period. Analysis 
represents the average performance of a wastewater treatment plant during the collection period (Norweco, 
2006). 
Fly ash – the fine particulate matter entrained in the flue gases of a combustion power plant (US Department of 
Energy, 2007). 
Grab samples – test material is collected at one time. Grab samples reflect performance only at the point in time 
when the sample was collected (Norweco, 2006).  
Organophosphates – organically bound phosphates are usually of minor importance, but is an important 
constituent of industrial wastes and wastewater sludges (Metcalf and Eddy, 2003). 
Orthophosphates – include PO43-, HPO42-, H2PO4-, H3PO4. These forms of phosphate are available for biological 
metabolism with further breakdown (Metcalf and Eddy, 2003). 
Polyphosphates – include those molecules with two or more phosphorus atoms, oxygen atoms and in some cases 
hydrogen atoms combined in a complex molecule. Polyphosphates undergo hydrolysis in aqueous solutions and 
revert back to orthophosphate forms (Metcalf and Eddy, 2003).  
Reserves – known resources, economically extractable with current technology and prices (Clift, 2011). 
Silo ash– light fractions of ash (fly ash) are deposited in a boiler and collected by hoppers underneath. Ashes are 
collected and discharged into flue gas treatment residue storage silo. Ash is collected from this silo (Covanta 
Energy, 2009). 
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Twelve Month Report 
Summary 
Phosphorus is an essential nutrient for all living organisms; it is also a non-renewable resource. As the population 
booms, phosphorus use in the form of fertiliser will increase dramatically. The global phosphorus cycle is a “leaky” 
supply chain. Phosphorus is lost through erosion, leaching, crop and post-harvest distribution losses. This EngD 
project aims to investigate the possibilities for improving phosphorus efficiency in the economy through 
phosphorus recovery from wastewater treatment works and the production of inorganic fertilisers or other socially 
useful products. 
The objective of this annual report is to provide a description of the work which has and will be undertaken as part 
of this EngD project to understand and improve phosphorus efficiency globally and locally. This report describes 
project work which has been completed and research and studies will be conducted in the coming year (second 
year) of this EngD. The third and final years are discussed briefly, a clear timetable is difficult to make at this stage 
since this depends upon progress achieved in second year. 
The first chapter of this report discusses phosphorus recovery which will be carried out at Slough sewage 
treatment works (STW). Much of this EngD project has been concentrated in this area, as the phosphorus recovery 
system is being installed at present. Work has been done to produce a mass balance of the treatment works pre-
phosphorus recovery. Another will be created post-phosphorus recovery to allow the changes in the treatment 
works to be enumerated and characterised. 
The second chapter summarises work which has already been completed to develop a method for recovering 
phosphorus from ash. These experiments are still in early stages of development. More attention will be given to 
this aspect of the project upon completion of the previously mentioned mass balances at Slough STW. This chapter 
describes work which will be completed in the next three years of this EngD project. 
Chapter three describes future literature reviews which will be completed, e.g. ash recovery, sludge recovery and 
theory of struvite formation and the reasons for these. Finally chapter four discusses EngD modules completed and 
other work carried out both as part of the project and other activities outside of the EngD. 
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EngD Gantt Chart Year One – Four 
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Chapter 1: Struvite Recovery at Slough STW 
1.1 Introduction 
Slough sewage treatment works (STW) is to see the installation of the first full scale Ostara Pearl® nutrient recycling 
process in Europe. Therefore, much of the first twelve months of this project were spent gaining an understanding 
of the Slough sewage treatment works and the Ostara phosphorus recovery process. A mass balance of Slough 
STW is being created pre-phosphorus recovery with another being produced post-phosphorus recovery. A mass 
balance assesses and quantifies the interdependencies of unit processes in a STW. Materials mass balances aid the 
optimisation of works and allow changes in unit operations e.g. recovering phosphorus, to be assessed and 
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depicted clearly. The impact of such interventions can be tracked across all unit processes in the STW (Wentzel, et 
al., 2006). The mass balance of Slough STW aims to depict the unit processes in the STW before and after 
phosphorus recovery. In order to create a mass balance of the STW, sampling of the entire works is being carried 
out. Sludge and liquor samples are collected across the entire treatment works to provide a full overview of the 
works.  
1.2 Last Twelve Months 
1.2.1 Understanding Slough STW 
Slough STW serves a population equivalent (PE) of approximately 238,000. A significant   proportion of this PE is 
industry, including food packaging and confectionary producers. In 1996, a new effluent stream was built 
incorporating primary settlement tanks, raw sludge thickeners and biological nutrient removal (BNR) (Jaffer & 
Pearce, 2004). (A more comprehensive description of Slough STW was provided in the first six month report of this 
EngD project.) 
In the past six months a new flow sheet of Slough STW was made to provide a better overview of this STW (Figure 
1). The diagram includes all unit processes in the treatment works and the pipe network linking the processes. 
Sampling points are also shown in this diagram (sampling is referred to in more detail in a later section of this 
report.) 
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Figure 1: Slough STW Flow Sheet
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Within six months of the commissioning of the BNR plant, Slough STW suffered problems with struvite 
precipitation. Struvite is a hard crystalline substance which precipitates on the inside of pipes and pumps, leading 
to reduced internal pipe diameters. In Slough STW, the pipeline between the digested sludge holding tank and 
centrifuge had become restricted to such an extent that it was no longer possible to transfer sludge to the 
centrifuge. The 100mm (internal) pipe diameter close to the pump had reduced to 50mm (Jaffer, et al., 2002). 
These pipes are cleared of the hard struvite deposits using dilute sulphuric acid or bypassed by temporary over 
ground pipes (Jaffer & Pearce, 2004). Instead of these costly and hazardous methods, much of the struvite is 
removed manually by onsite operations personnel. 
Driven by the operational onsite problems at Slough STW and the realisation that phosphorus is a commercially 
recoverable resource, Ostara were contracted to install their Pearl® nutrient recycling process. The other benefits 
for Slough STW are outlined in the next section. 
1.2.2 Understanding the Ostara Pearl Nutrient Recycling Process 
 
 
 
Figure 2: Struvite Recovery 
Ostara’s Pearl® nutrient recycling process produces the slow nutrient release fertiliser Crystal Green®. The process 
initiates and controls struvite precipitation in an upflow fluidised bed reactor. Struvite is a crystalline matrix of 
magnesium, ammonium and phosphate (MAP) (MgNH4PO46(H2O)), which forms when each of these elements is 
present in solution at sufficient concentrations and solubility of struvite exceeded. When one or two of these 
precipitants is added the remaining compound is removed from the solution and struvite forms according to the 
equation below. Note that at the concentrations normally encountered in wastewater struvite precipitation is not 
normally seen. Only when the concentrations are increased, usually in specific side streams does the potential for 
struvite formation occur. In municipal sewage treatment plants, magnesium is the limiting nutrient; therefore this 
is added (usually in the form of magnesium chloride) to centrate liquors to initiate struvite precipitation (Ostara, 
2010). The precipitation of struvite is heavily influenced by the pH. Slight variations in pH cause significant changes 
to struvite constituent ions leading to more or less favourable struvite precipitation. The proportion of ammonium 
ion (NH4-) depends on equilibrium with ammonia (NH3) which varies markedly with pH (Bhuiyan, et al., 2007). The 
Ostara Pearl process operates at a pH between 8-8.2. 
Mg2+ + NH+4 + PO3-4 + 6H2O  MgNH4PO46(H2O) 
 
Figure 3: Cross Section of Ostara Pearl Prills 
Struvite precipitation occurs by two mechanisms: nucleation and deposition. Nucleation is the formation of new 
struvite particles; deposition is the process in which seeds “grow” as successive layers. The Ostara Pearl process is 
self-seeding and produces pellets which can be grown to any size required dictated by customers typically 0.5-
3mm (Ostara, 2010). The process is similar to the formation of pearls by oysters; layer upon layer of material form 
on a small nucleus particle. A cross section of the fertiliser “prills” are shown in Figure 3 above. The Ostara Pearl 
process configuration is provided in Figure 4 below.  
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Figure 4: Ostara’s Pearl Nutrient Recycling Process Diagram 
Sludge dewatering liquors enter the reactor from the bottom and treated effluent overflows at the top. 
Magnesium chloride is dosed at the bottom of the reactor to initiate the crystallisation of struvite (see equation 
above). A partial recycle stream is returned to the base of the reactor to ensure suspension of particles in the 
reactor. The recycle stream also allows for control over reaction rates and upflow velocity. The rate of struvite 
formation is controlled so a high quality process with desired qualities (size, hardness, purity, etc.) is formed. 
The heaviest, large particles are found in the lower, smaller section of the reactor. Here, the velocity is greatest 
and magnesium, ammonia and phosphate concentrations are highest. The precipitation of struvite on existing 
particles occurs in this section of the reactor. In the larger diameter sections, velocity is reduced and medium sized 
particles accumulate. Medium sized particles have greater surface area and longer contact time with reactor 
liquids. These medium sized particles scavenge unreacted magnesium, ammonia and phosphate. In the largest top 
section of the reactor, velocity is further reduced and fine particle captured. The fine particles have an even 
greater surface area and time to capture residual reactants. The largest struvite particles are harvested from the 
bottom section, while smaller particles move lower down the reactor where their size increases as they are 
exposed to higher reactant concentrations (Bauer, 2011). 
When desired particle size and quality are reached, struvite is harvested from the reactor, dried and packaged 
onsite. The struvite produced by the pearl process is sold as a premium quality slow release fertiliser called Crystal 
Green (Cordell, et al., 2011). 
 
Figure 5: Crystal Green Fertiliser (University of British Columbia, 2009) 
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Benefits of the Ostara Pearl process: 
 Controls struvite formation in sludge treatment stream – improves plant reliability and allows efficient 
plant operation and maintenance. 
 Removes nutrient load returned to works – avoids additional chemical dosing and increases treatment 
capacity of plant, thereby reducing costs. 
 Reduces phosphorus content of biosolids by a small amount – facilitates land application. 
 Recovers nutrients as fertiliser – generates revenue for Thames Water Utilities Ltd. 
 Helps conservation of finite natural phosphorus resources. 
 
1.2.3 Sampling of Slough STW 
A material mass balance models a STW to assess and quantify the interdependencies of unit processes. The models 
allow changes in unit operations e.g. recovering phosphorus, to be assessed and changes in related units to be 
depicted clearly (Wentzel, et al., 2006). In order to create mass balance of Slough STW sludge/liquor samples and 
flow data information is required, this is to allow mass calculations for materials in the STW to be carried out. 
Flows (m3/day), mass (kg/day), total phosphorus (kg/day) and phosphate (PO4) (kg/day) are modelled in the mass 
balance of Slough STW. 
Sampling of wastewater sludge and liquors at Slough STW began in January 2012 and is predicted to continue until 
April 2013. Sampling will continue until April 2013 to allow time for the treatment works to “settle” after iron 
dosing is reduced and BNR working fully. Sample points are shown in the flow sheet (Figure 1, page 55) and sample 
analyses are detailed in Table 1 below. Sample points were chosen to provide a full sampling regime covering the 
entire STW so the whole treatment works can be modelled. A comprehensive set of sample analysis was chosen to 
encompass any data which may be required. COD and BOD are not relevant for the current mass balance, but 
these characteristics of the STW may be helpful to observe and compare after phosphorus recovery begins. The 
most important analyses for this mass balance are suspended solids (SS), dry solids (DS), total phosphorus (TP) and 
phosphate (PO4). Figure 1 above displays sludge and liquor sampling points across the entire network. An 
additional sampling point, imported sludge, was added to the sampling programme since the last six month report 
was written. Sludge is transported from other Thames Water Utilities wastewater treatment sites to Slough STW 
were the sludges are blended with other SAS and PFT sludges before flowing into digesters. Samples were 
collected from the trucks coming from other sites depositing sludge into the blending tank. 
Since the last six month report, analysis has changed slightly for all samples to incorporate data for magnesium, 
sodium, calcium, potassium, iron and aluminium. The full set of analysis is provided in Table 1 below (data printed 
in bold is the new set of analysis added to sampling regime). This new analysis allows for changes in unit processes 
to be analysed in more detail as struvite components and ions adversely influencing struvite precipitation can be 
closely monitored, e.g. iron (discussed in further detail in section 1.3.3). 
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Table 1: Sewage Liquors and Sludge Sample Analysis 
Sewage Liquor Samples 
 Crude Sewage 
 Settled Sewage 
 Final Effluent 
 PFT Liquors (grab sample) 
 Belt Liquors (grab sample) 
BOD, BODf, COD, CODf, SS, TN, NH4, TON, NO2, NO3, PO4, TP, Alk, Mg, Na, Ca, 
K, Fe, Al 
 Centrifuge Liquors (grab sample) 
BOD, BODf, COD, CODf, SS, NH4, TON, NO2, NO3, PO4, TP, Alk, pH, Mg, Na, Ca, 
K, Fe, Al, B, Ba, Si, P, Cr, Mn, Co, Pb, Ni, Se, Cu, Zn, As, Ag, Br, Sr, Mo, Sn  
Sludge Samples 
 Primary Sludge 
 PFT Sludge 
 Belt Feed 
 Belt Sludge 
 Digester Feed 
 Digested Sludge 
 Centrifuge Sludge 
 Sludge Cake 
 Imported Sludge 
DS, VS, NH4, TP, TN, pH, Alk, pH, Mg, Ca, K, Fe, Al 
BOD: 5 day biochemical oxygen demand, BODf: filtered 5 day biochemical oxygen demand, COD: chemical oxygen demand, 
CODf: filtered chemical oxygen demand, SS: solids suspended @ 105°C, TN: total nitrogen as N, NH4-N: ammoniacal nitrogen, 
TON: nitrogen total oxidised as N, NO2: nitrites as N, NO3: nitrates as N, PO4: soluble reactive P, TP: total phosphorus, Alk: 
alkalinity, DS: dry solids @ 105°C, VS: volatile solids: loss on ignition 550°C on dry matter. 
1.2.4 Creating Current Mass Balance 
In the last six months of this project a mass balance of Slough STW as its current state before phosphorus recovery 
was created. In 2000 a mass balance of Slough STW was created by Jaffer & Pearce 2004, this newer mass balance 
aims to update this older mass balance. The focus of Jaffer and Pearce’s mass balance was the determination of 
which streams are more suitable for phosphorus recovery (centrate liquors were deemed the best option for 
recovery). This newer mass balance aims to display graphically the changes in Slough STW before and after 
phosphorus recovery. 
SCADA (Supervisory Control and Data Acquisition) was used to read flow information from a dedicated SCADA 
computer in Slough STW. However, it was found that this data was unreliable; incorrect units were displayed, 
flows were either unmeasured or measured inaccurately and there was ambiguity as to which flow was 
represented. It was decided not to use this unreliable source. Sludge flow data is available from JR Pridham 
Services event suite, a website which collates sludge flow information from some of Thames Water’s STW. 
However, it was soon discovered that flows for picket fence thickeners, thickened sludge feed and raw imported 
sludge feed were the reported as the same. Therefore the information from this website was not used for 
calculations. The most reliable source of flow information is an internal Thames Water Utilities excel file called 
cockpit. Cockpit provides sludge/liquor flows, total dissolved solids flows, percentage dry solids, polymer 
consumption, and energy consumption etc. for bigger Thames Water STW. It is updated frequently with data 
information from the operations personnel onsite. This has proved to be a more reliable source of flow 
information and so is used to calculate flows in the Slough STW mass balance. 
Initially the mass balance was calculated manually by focusing on each unit process. Then the processes were 
brought together to produce a full network mass balance. By completing the mass balance in this long hand 
method, a true understanding of how mass balances work is gained and mistakes using software are more easily 
noticed. After creating a long hand mass balance, a computer based mass balance was calculated using Microsoft 
excel. The calculations formulated by the long hand method were inputted into the excel file. Microsoft excel 
allows iterations to be carried out on circular formulae to calculate more accurate results compared with the long 
hand method.  
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This first mass balance (page 61) depicts Slough STW at its current state, pre-phosphorus recovery. The difference 
between the total phosphorus in and total phosphorus out are calculated. This is done both to analyse the total 
phosphorus flows in/out and to determine the accuracy of the mass balance. In an ideal mass balance total 
phosphorus into the works should equal total phosphorus out of the works. The difference between total 
phosphorus in and out can be attributed to sampling and calculation errors. 
Individual mass balances around processes (primary settlement tank, picket fence thickener, final settlement tank, 
SAS belt, blending tank, digesters and centrifuge) are provided in the appendix. 
Upon completion of the current mass balance, a predictive mass balance of how the works is expected to change 
with running phosphorus recovery process will be produced. This is discussed in more detail in the next section. 
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Figure 6: Slough STW Current Mass Balance (Before Phosphorus Recovery)
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1.3 Next Six Months 
1.3.1 BioWin WWTW Modelling 
The mass balance shown on page 61 was created using Microsoft excel to display Slough STW at its current state 
before phosphorus recovery begins. A new piece of software was recently purchased from EnviroSim: Biowin 
specifically built to model wastewater treatment processes. Manuals and online tutorials are available to learn 
how to use this software. A considerable amount of time will be spent learning how to use this software. The 
current mass balance will be recreated using this software. It can then be used to predict how Slough STW will 
change after phosphorus recovery is carried out onsite. This software will be used again to model the post-
phosphorus recovery treatment works in April 2013. 
1.3.2 Installation of Ostara Pearl Nutrient Recycling Process 
Installation of the Ostara Pearl Nutrient Recovery process has just begun as can be seen in Figure 7 below. The 
metal framework for the recycling system is in place, most of the reactor and main pumps have been installed. 
Further construction work is yet to be carried out on erecting a structure enclosing the entire reactor, installing 
pellet drying system and other pipework. Dry and wet commissioning of the process should take place in October 
2012. The system will be monitored over the winter time by Ostara and handover will occur after this period. A 
more accurate timeline will be provided by Ostara in the coming weeks.  
Before Ostara switch on their reactor, iron dosing onsite must be reduced stepwise and then stopped completely. 
In addition to this, the biological nutrient removal (BNR) on site must be brought back up to specification and 
running smoothly. The reasons for this are explained in more detail in the next section. 
 
Figure 7: Installation of Ostara Pearl Nutrient Recycling Process 
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1.3.3 Reducing Iron Dosing and Allowing Enhanced Biological Phosphorus Removal 
Currently, the phosphate concentrations in the centrate liquors are approximately 60 mg/l, which results in a 
phosphorus recovery rate of approximately 50%. This concentration must be increased to at least 80 mg/l for more 
efficient phosphorus recovery of up to 90%. This phosphate concentration will be increased by reducing the iron 
dosing in the treatment works. Iron is dosed in the treatment works to prevent the deposition and fouling of 
struvite in the treatment works pipe network. 
Iron is added as ferrous chloride solution to help agglomeration and sedimentation of suspended particles in 
wastewater. When iron salts are added to wastewater, they react with soluble orthophosphate to form a 
precipitate, FePO4. The iron bound phosphorus precipitate settles in sludge, removing its struvite deposition 
potential. Organic phosphorus and polyphosphate are removed by adsorption onto flocs. Insolubilized phosphorus 
is removed from the system in sludge (Metcalf & Eddy, 2003). When iron dosing is reduced, the phosphate 
concentration of the treatment works increases as the phosphate is not bound to iron in a precipitate. The ferric 
dosing in Slough STW will be reduced in a step-wise fashion. A slow weaning off iron addition allows the BNR plant 
and the Ostara recovery system to adapt to the reduction in iron dosing. Sudden cut off from iron dosing may risk 
the plant not meeting regulatory discharge consents. 
BNR was developed to remove phosphorus from wastewater without the use of chemicals (Wentzel, et al., 2005). 
In the enhanced biological phosphorus removal (EBPR) model, phosphorus from influent wastewater is 
accumulated within the cell of specific groups of bacteria. This is then removed from the process by sludge wasting 
(Metcalf & Eddy, 2003). The biomass wasted from the BNR process contains high phosphorus concentrations. This 
makes it more suitable for phosphorus recovery as struvite, especially when an anaerobic digester is used in the 
system (Wentzel, et al., 2005). When the site is returned back to BNR mode the biological phosphorus 
concentrations will increase and sludge production will decrease.   
1.3.4 Predictive Mass Balance 
The aim of the predictive mass balance is to create a theoretical model of Slough STW showing the predicted 
effects of phosphorus recovery on unit processes. The predicted effects are reduced total phosphorus and PO4 
concentrations, sludge volumes and energy consumption. Total phosphorus, PO4 and sludge volumes are easily 
displayed in a mass balance to provide a comparison before and after phosphorus recovery. Data for the predictive 
mass balance were obtained from a contact at Ostara Europe and further mass balance case studies were 
requested from Ostara’s Canadian offices. The predictive mass balance will be produced manually by hand, using 
Microsoft excel and using BioWin software. 
1.3.5 Paper on Predictive Results from Ostara Pearl Process 
Following the creation of a predictive mass balance, a paper on the theoretical effects of phosphorus recovery on 
Slough STW will be written. This paper will outline why phosphorus recovery is important from a resource 
efficiency point of view. Then the specific reasons for phosphorus recovery at Slough STW will be discussed, e.g. 
struvite deposition on pipes and commercial benefits. The pre-phosphorus recovery state of Slough STW will be 
described using the developed mass balance. The predictions for how the STW will change after phosphorus 
recovery will be discussed and a predictive mass balance provided. The additional benefits of phosphorus recovery 
will be outlined, e.g. reduced sludge volumes, reduced phosphate concentration and reduced struvite deposition. 
Lastly the “bigger picture” will be discussed by describing the impacts of phosphorus recovery on the industrial 
ecology of phosphorus and the global phosphorus cycle. The benefits and importance of Ostara’s slow release 
fertiliser will be discussed in this context. This will be the first journal paper written during the EngD project; it is 
assumed it will take up to four weeks to prepare a first draft ready for submission to a journal. 
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1.3.6 62nd Canadian Chemical Engineering Conference 
In August 2012, an abstract was submitted to the 62nd Canadian Chemical Engineering conference. This abstract 
was accepted for a 20 minute presentation at the conference on Tuesday 16th October 2012. The abstract is 
provided below: 
“Phosphorus Recovery in a Wastewater Treatment Works using Ostara’s Nutrient Recycling Technology and 
Implications on the Phosphorus Cycle: A Case Study 
Slough wastewater treatment works (WWTW) is a representative biological nutrient removal (BNR) plant treating 
wastewater from domestic and industrial sources. Like many such plants, it suffers problems with struvite 
formation due to its BNR configuration. Anaerobic digestion of BNR sludges releases high quantities of magnesium 
and phosphate which, coupled with the production of high concentrations of ammonium, make conditions ideal for 
the formation of struvite. Blockages caused by struvite reduce pipe diameters, increase energy needed to pump 
sludge through the network and significantly increase maintenance effort. This summer (2012) the Canadian 
company Ostara will begin the recovery of phosphorus in the form of struvite, MgNH4PO46(H2O), in Slough WWTW. 
Ostara’s Pearl® process produces the slow nutrient release fertiliser Crystal Green® from centrifuge sludge 
dewatering liquors.  
Mass balances are being created to monitor the effects of struvite recovery on Slough WWTW. This paper will 
describe the projected reduction in nutrient loads and chemical dosing and a theoretical mass balance created. The 
production of a slow release fertiliser not only benefits the WWTW, but also helps avoid the loss of phosphorus in 
the food production system. This paper will discuss the broader implications of struvite recovery as a slow release 
fertiliser on the whole system for phosphorus supply and use in agriculture, in the UK and globally.” 
The presentation falls under the theme of “International Symposium on Sustainability”, with the session being “A 
Dematerialised, Biobased Sustainable Future”. The presentation for this conference is yet to be prepared; it will 
follow the logic of the abstract above. Useful information from Ostara has been provided; together with the mass 
balances this will form the basis for the presentation. The main message of resource efficiency will underpin and 
bookend the presentation at the beginning and end. The importance of phosphorus recovery in the form of a slow 
release fertiliser will be highlighted. A practice session will be conducted as a “lunchtime seminar” in Reading STW 
two weeks before the conference. This will allow feedback to be provided and adjustments made accordingly 
before the presentation in Vancouver. 
1.4 Next Twelve Months 
1.4.1 Post Phosphorus Recovery Mass Balance and Journal Paper 
Towards the end of the next six months spanning into the future twelve months, a post phosphorus recovery mass 
balance will be created showing the actual changes in Slough STW achieved by recovering phosphorus. By this time 
the BNR function of the STW should be working efficiently and phosphorus recovery should be in full swing. 
Sludge/liquor samples and flows for the treatment works will continue to be collected until approximately the end 
of May 2013. This allows for a large data set to be gathered and allows time for the plant to adjust to its new 
phosphorus recovery process. 
Following this period, a new post-P recovery mass balance will be created using Microsoft excel and/or BioWin 
software. This post-phosphorus recovery mass balance will be compared to the theoretical predicted mass balance 
to determine if the predictions were correct and if any unexpected effects occurred. This is another journal article 
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which can be produced as an update to the earlier theoretical mass balance. Again this journal article will include 
the effects of phosphorus recovery on the global phosphorus cycle as its core discussion. 
1.4.2 Phosphorus Recovery One Year On – Potential Papers 
In the third year of this EngD project phosphorus recovery will have been operational at Slough STW for 
approximately one year. Another journal article examining the effects of phosphorus recovery one year on will be 
written. This journal article will differ from the other articles in that it will include analysis on the 
economic/commercial benefits of phosphorus recovery.  
Another paper will be written which will look at the effects struvite recovery and the production of slow release 
fertiliser has upon the broader context of the industrial ecology of phosphorus. Reference to the “Sankey” diagram 
produced by Clift & Shaw, (2011) will be made to describe the global impacts on the phosphorus cycle if 
phosphorus recovery becomes a more widespread pratice. The Slough STW can be used as a case study in this 
paper to describe experiences and motives for phosphorus recovery. 
 
Chapter 2: Phosphorus Recovery from Ash 
2.1 Introduction 
Alongside the phosphorus recovery project at Slough STW, there is also interest in potential phosphorus recovery 
from ash. Further experiments are being undertaken to develop another method for recovering phosphorus from 
waste. Many current technologies use high energy and acid inputs (see literature review in previous six month 
report). An aim of these ash based phosphorus recovery experiments is to keep energy and acid consumption of 
the developed technology to a minimum. These experiments are linked with the struvite recovery in Slough STW 
project, in that the aim is to recover phosphorus from waste streams. Similar to papers which will be written as 
part of the Slough STW struvite recovery project, papers written in this area will discuss effects upon the global 
phosphorus cycle. 
2.2 Last Twelve Months 
2.2.1 Literature Review 
In the first six month report of this EngD a brief literature review of available technologies for recovery of 
phosphorus from ash was provided. This was carried out to gain an understanding of current technologies and 
critique the lack of sustainable thinking in these processes. Another more detailed review will be completed in 
second year. This will review all technologies existing and emerging, provide a critical discussion on the 
technologies and aim to expose research gaps. 
2.2.2 Preliminary Ash Experiments 
As can be seen in the Gantt chart, there has been intermittent work completed on the experimental recovery of 
phosphorus from ash in the last twelve months. It was previously reported that there was five Tate and Lyle ash 
samples being experimented upon. Since then, there has been additional ash samples gathered: Beckton silo ash, 
Crossness ash, Slough dried sludge and Slough pyrolysed sludge. These samples all originate from wastewater 
treatment works sludge; some have been incinerated (Beckton and Crossness), the others are dried or pyrolysed. 
All dry ash samples were sent to Thames Water’s laboratory, Spencer House, for analysis results are displayed in 
Table 2 below. 
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Table 2: Dry Ash Analysis 
 TP 
(mg/kg) 
TN 
(mg/kg) 
Ca 
(mg/kg) 
Fe 
(mg/kg) 
Al 
(mg/kg) 
Mg 
(mg/kg) 
K (%) 
Fly Ash 1 (T&L) 118,400 3,100 14,148 3,448 1,156 53,855 11.507 
Fly Ash 2 (T&L) 130,100 6,600 17,076 3,143 933 57,491 13.537 
Baghouse Fly Ash (T&L) 117,000 2,100 11,566 1,543 583 22,414 16.976 
Bottom Ash (T&L) 90,060 13,400 15,441 3,393 2,427 41,371 10.167 
Silo Ash (T&L) 110,750 4,000 15,701 2,873 795 44,462 13 
Beckton Silo Ash 80,620 100 113,840 37,190 47,271 16,768 1.353 
Crossness Ash 65,940 <1 105,730 37,612 - 14,817 0.908 
Dried Sludge 28,770 41,400 39,079 37,637 5,480 3,219 0.102 
Pyrolysed Sludge 59,860 6,700 101,670 71,169 36,419 8,040 0.379 
 
The first experiment examined the water solubility of the ash samples. This was carried out by simply stirring one 
gram of ash into one litre of distilled water for one hour. Samples were filtered and sent to Thames Laboratories 
for analysis. It was found that baghouse fly ash released the largest concentrations of both total phosphorus and 
PO4, displayed in Figure 8. This result shows that the phosphorus species in this ash sample is more leachable than 
other samples. Further analysis of the original dry ash samples and more experiments are required to develop a 
more conclusive theory for this result. 
 
Figure 8: Water Solubility of Total Phosphorus in Ash 
Following these experiments, another batch of tests aimed to determine the solubility of the ash samples in 
carbonated water was conducted. Carbonated water has a pH of ~4. Distilled water from the Innovation laboratory 
was carbonated using a commercial soda stream. Carbon dioxide is injected into the water, where some dissolves 
and the rest released as carbon dioxide bubbles. This produces a solution of carbonic acid reducing the pH of the 
water. One gram of ash was mixed with one litre of carbonated water for one hour. Samples were filtered and PO4 
measured in the laboratory, the remaining liquid was sent to Spencer House for analysis. This is a simple, low tech, 
low acid and low cost method of reducing the pH of water.  
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The overall aim of these ash experiments is to develop methods for mixing waste streams to produce struvite. 
Carbon dioxide is present on larger STWs in the exhaust gas streams from CHP engines or biogas boilers and so 
may not need to be imported.  
The results of this experiment are shown below. In nearly all samples (except pyrolysed sludge) the total 
phosphorus concentration leached into the carbonated water is increased. This is due to the additional acidity 
provided by the carbonated water compared to distilled water.  
 
Figure 9: Carbonated Water Solubility of Ash 
2.3 Next Six Months 
2.3.1 Theory of Struvite Formation – Experiments and Journal Paper 
In the last few months work has been completed to understand the theory of formation of struvite. It is a complex 
theory, based upon chemical equilibria equations. This literature review requires additional revision and updates.  
The overall aim is to create a theory upon which struvite precipitation can be based. Ideally, a triangular graph 
displaying magnesium, ammonium and phosphate will be created. Using this graph, predictions on struvite 
formation can be made and the concentration of component required to precipitate struvite suggested. This 
theoretical approach will underpin the ash experiments and will be used to determine the path of these 
experiments. The theory of struvite will be applied to real experiments using wastewaters in January 2013. 
Following this more research on struvite formation will be carried out, including a literature review on phosphorus 
recovery from ash. Additional experiments will be conducted after this time. There is scope for writing another 
journal paper in this research area. This article would describe the theory for struvite precipitation and how this 
relates to experiments conducted using real wastewaters. The reasons for developing new technologies will be 
described in relation to the industrial ecology of phosphorus, e.g. production of slow release fertiliser. Many 
papers have been written describing the theory of a struvite solubility product. This paper would be similar to 
these others papers. However, this paper will describe a theory for struvite precipitation for real wastewaters 
rather than synthetic waters and the global context of phosphorus recovery on the phosphorus cycle will be 
discussed. 
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2.3.2 Ash Analysis 
Along with sending dry ash samples to Thames Laboratories for analysis, other analysis is required on these ash 
samples. It is important to determine exactly the components of the ash samples and what more specifically the 
phosphorus is bound with in the samples. As mentioned in the chapter one, iron bound phosphate is less available 
as a nutrient source of phosphorus plants. Iron also interferes with struvite precipitation, as phosphorus can 
preferentially form iron phosphate rather than MAP. Having this knowledge of the structure of the ash samples, 
results from experiments can be analysed and explained using more accurate theories.  
After discussion with staff at the University of Surrey it was determined that energy dispersive x-ray (EDAX), x-ray 
photoelectron spectroscopy (XPS) and scanning electron microscopes (SEM) are the best analysis to complete on 
the samples. EDAX provides distributions maps of elements in a sample, but does not provide information of 
phosphorus binding in the ash samples. XPS offers information on phosphorus bonding. SEM is a versatile analysis 
instrument used for elemental analysis which does not require any sample preparation. Various other methods 
were discussed, such as time-of-flight secondary ion mass spectrometry (ToF-SIMS), scanning probe microscopy 
(SPM). However, these methods result in the destruction of the ash sample; components of the sample are 
sometimes converted into other compounds, leading to inaccurate analysis results. Initial sample analysis will take 
place in November, but more analysis will be required after this. 
2.4 Next Twelve months 
2.4.1 Further Experiments 
In the longer term (third/fourth year) more attention will be given to the ash experiment aspect of this research 
project. By this time the struvite recovery at Slough STW will be running, the new mass balance will have been 
created and journal papers written. From July 2013 onwards more research will be conducted on struvite 
precipitation using waste streams. A greater understanding of struvite precipitation from ash will have been 
gained and using this knowledge a method for phosphorus recovery using waste streams will be developed. 
Experiments will start small scale in the laboratory. However, if one method appears to work the experiments will 
be scaled up to a larger size in the pilot hall in Reading STW. The ultimate goal is to develop a full scale system for 
recovering phosphorus from ash which uses less chemical demand and utilises waste streams which are already 
present in Thames Water Utilities sites. Journal articles on theories, findings, methods and pilot scale development 
will be written during this time. In addition to the technological side of the project, the industrial ecology of 
phosphorus will be discussed in papers. The reasons for the development of a new technology will be discussed 
with reference to the global phosphorus cycle. The need to ensure a slow release fertiliser is produced will be 
discussed in connection with the “leaky” phosphorus cycle. 
 
Chapter 3: Literature Review 
3.1 Last Twelve Months 
3.1.1 Understanding Phosphorus 
In the first six month report of this EngD two chapters were devoted entirely to gaining an understanding of 
phosphorus. The first chapter explored phosphorus reserves and deposits, industrial ecology, eutrophication, 
organic and inorganic chemistry, and the political and environmental effects of phosphate mining and the uses of 
phosphorus in our society. The next chapter research phosphorus specifically in the context of wastewater; 
struvite precipitation, struvite fertiliser and essential elements required for healthy plants, and phosphorus in 
potable waters. While this cannot be considered as a literature review, it is a review and exercise in understanding 
the important aspects of phosphorus required for this project. This knowledge continues to grow and will continue 
over the course of the EngD project. 
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3.1.2 Brief Review of Technologies for Recovering Phosphorus from Ash 
Included also in the first six month report was a brief review of technologies for recovering phosphorus from ash. 
Ash recovery technologies can be broadly categorised into sorting and thermochemical and leaching processes. 
Technologies reviewed are magnetic separation and flotation (sorting), SUSAN/ASH DEC (thermochemical) and 
BioCon and SEPHOS (leaching). A process description is provided and advantages/disadvantages of the approaches 
are highlighted. It was decided from this review that acid/base leaching methods appear to be the most effective 
and promising for phosphorus recovery from ash. A more detailed description of acid/base leaching is provided 
and research gaps and failings with current methods highlighted. The review comes to the conclusion that the 
overall aim of this part of the project is to investigate and develop less energy intensive, lower chemical demand 
methods for recovering phosphorus from ash which may incorporate waste streams in direct or adapted forms.  
3.1.3 Theory of Struvite Formation 
In the last six months, the development of a theory of struvite formation has begun. The need for this theory is 
described in more detail in section 2.3.1. The overall aim is to create a theory upon which struvite precipitation can 
be based. Ideally, a triangular graph displaying magnesium, ammonium and phosphate will be created. Using this 
graph, predictions on struvite formation can be made and the concentration of component required to precipitate 
struvite suggested. The literature review thus far has examined the methods used by other researchers to develop 
a solubility product for struvite. Using this solubility product the precipitation of struvite can be predicted under 
different component ion concentrations and pH values. An approach to predict the precipitation of struvite will be 
developed by agglomerating approaches used by researches into one improved precipitation prediction tool. This 
theoretical approach on struvite precipitation will underpin the ash experiments and will be used to determine the 
path of these experiments. The struvite prediction tool will be applied to phosphorus recovery from ash 
experiments and then revised as adjustments need to be made. 
 
3.2 Next Twelve Months 
3.2.1 Phosphorus Recovery from Ash/Sludge/Others 
While conducting experiments on phosphorus recovery from ash, a literature review will be written. This review 
will critically assess the current technologies available for recovery. The focus will be on processes which use 
acid/base leaching to remove phosphorus from ash and compare the systems used to turn this into a commercial 
fertiliser. Since the aim of this project is to develop less energy intensive, lower chemical input methods, the 
literature review will pay particular critical attention to this aspect of available technologies. 
Following this ash review, methods for recovering phosphorus from sludge will be investigated and reviewed 
critically. Again the same approach of considering the environmental aspects of the technology on a life cycle basis 
will be applied. It is important to be aware of and understand all methods for recovering phosphorus from 
wastewater treatment works. While completing the literature review on phosphorus recovery from ash and sludge 
some authors mention other possible methods for phosphorus recovery. These methods will be compiled and a 
literature review written on topics which do not fit suitably into the literature reviews on ash/sludge recovery. 
3.2.2 Phosphorus Recovery Options for Small STW 
Every five years each water company in England and Wales must prepare an asset management plan (AMP) that 
sets out proposed spending for the next five years. The water companies are currently in AMP5 and will be 
entering AMP6 after 2015. It is predicted that in AMP6 the Water Framework Directive will tighten discharge 
consents particularly for ammonia and phosphorus. Some larger wastewater treatment works will have newer 
more strict discharge consents applied; in the case of smaller works these will be the first discharge consents 
imposed.  
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In order to reduce the volume of household waste going to landfill, there is a trend for local authorities to 
encourage the disposal of biodegradable household wastes down the drain through macerators. This results in 
greater volumes of waste that STW must process and increased phosphorus loads (Thames Water Utilities Ltd., 
2007). 
It is planned that after the completion of literature reviews on ash and sludge recovery, another literature review 
investigating options for phosphorus recovery from small STW will be conducted. In order to provide another PhD 
student with information of Thames Water Utilities’ STW a full list of all 350 works was created. Using this list the 
potential phosphorus recovery from the newly imposed discharge consents can be evaluated. 
 
Chapter 4: University of Surrey and Other 
4.1 Last Twelve Months 
4.1.1 University of Surrey Modules 
In the last twelve months of the EngD six modules were attended, these were: 
 Social Research Methods 
 Environmental Science and Society 
 Sustainable Development 
 Environmental Life Cycle Approaches 
 Transitions to a Low Carbon Energy Economy 
 Advanced Leadership 
These were valuable modules which added to my understanding of sustainability as a whole and helped me apply 
principles and practices to my EngD project. Overall marks exceeding 60% (weighted average of pre-assignment, 
group work and post-assignment) were achieved in all modules. 
4.1.2 University of Surrey EngD Conference 2012 
In June 2012 the annual EngD conference took place. At the conference research engineers having completed less 
than a year’s research were asked to present posters. The abstract for the paper is provided below along with the 
poster presented. 
“Sustainable Phosphorus Recovery from Waste Treatment Plants 
Abstract 
Phosphorus is an essential element for all living organisms, it is a non-renewable resource. Current global 
phosphorus reserves may be depleted in 50-100 years. The aim of this project is to investigate the possibilities for 
improving the efficiency of use of phosphorus in the economy through phosphorus recovery from waste treatment 
plants. In Thames Water Utilities Ltd., efficient phosphorus use is achieved by integrating Ostara’s Pearl Nutrient 
Recovery process in a wastewater treatment works. New sustainable phosphorus recovery technologies from 
incinerator ash are also under development. These projects use waste streams either in direct or adapted forms to 
recover phosphorus as a fertiliser. The overall aim is to develop softer, sustainable methods of phosphorus recovery 
with less chemical demand. Recovery of phosphorus from waste treatment plants can help alleviate the phosphorus 
crisis by closing the phosphorus loop. 
Keywords: Phosphorus; Struvite; Ash; Recovery; Wastewater; Sustainability”
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4.1.3 Phosphorus Steering Group Meeting 
In April 2012 a Phosphorus Steering Group meeting in University of Birmingham was attended. This meeting was 
organised by James Cooper, a fellow researcher in phosphorus recovery. His PhD project is entitled “Towards 
closed-loop phosphorus management for the UK: The role of the water industry.” The aim of the meeting was to 
describe his project and progress to date and form a group of members from water companies who can weigh in 
and develop the project providing their viewpoints. This was a great opportunity to strengthen links for future 
collaborations and learn of phosphorus problems and solutions faced by other water companies. Following the 
meeting, James requested a list of all STW from the water companies. Information was provided by Thames Water 
Utilities and access to the full information from all companies was requested, as it may be useful for future work. 
The phosphorus steering group meetings will take place every six months until the end of James Cooper’s PhD 
project. 
4.1.4 Cheltenham Science Festival 
In June 2012, the Cheltenham Science Festival took place. An application form was filled which asked why the 
applicant was interested in attending the festival. A full bursary was won by twelve applicants and I, this included 
accommodation, travel, event tickets and subsistence. Over thirty different events were attended over the five day 
run of the festival. Events attended included: “The re:generative power of sleep”, “3D printing live”, “Learn to live 
in the moment”, “Vivienne Westwood: tomorrow is too late”, “What has nature ever done for us?”, “The eco-
systems revolution: wetlands and water quality” and “the language of plants”. During the festival I learned many 
new and interesting facts, broadening my scientific knowledge. I was keen to see and learn how to present a 
stimulating lecture. This was a great opportunity to meet other researchers and discuss our progress through PhDs 
and EngDs. 
4.1.5 Strictly Engineering - British Science Festival 
Recently I attended the British Science Festival in Aberdeen, this festival was run by the British Science Association. 
In June, a link for an online application for the “strictly engineering” poster competition was emailed to all 
research engineers by Lisa Casson. The strictly engineering poster competition aimed to show attendees of the 
festival the wide variety of research areas which involve engineers. It also aimed to provide engineers with poster 
training and graphic design skills. The application form asked for the message we would like to spread, our 
research area, our design skills, etc. 34 applicants were accepted and all attended a separate poster design session 
in Manchester/London. The poster created is provided below. The three day poster competition involved speaking 
to members of the public who could vote for the best most engaging posters/presenters. A formal judging 
requiring an explanation of the poster and projects was carried out also. Following this, awards were given for the 
best posters/presenters. My poster/presentation won second prize in this competition. It was another great 
opportunity to meet other researchers. I learned valuable poster design skills and have become more comfortable 
presenting posters and speaking about my project. 
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Figure 10: Second Place Prize Winning Strictly Engineering British Science Festival Poster 
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4.2 Next Twelve Months 
4.2.1 University of Surrey Modules 
As the academic year is beginning again, much of the next six months will be spent preparing for and attending 
university modules listed below. Most modules are completed in the first year of the EngD. Less and less modules 
must be attended in the second, third and fourth years, allowing more time for project completion. 
 Corporate, Social and Environmental Responsibility 
 Environmental Auditing and Management Systems 
 Environmental Law 
 Risk and Financial Management 
 University of Surrey EngD Conference 
Listed below are other pieces of training and development which will be carried out over the next year. This list will 
grow as more gaps in knowledge are found. 
 Water foot printing seminar 
 Advanced Leadership follow up 
 Planning 24 Month dissertation and publication 
 
4.2.2 62nd Canadian Chemical Engineering Conference 
As mentioned in section 1.3.6, the Canadian chemical engineering conference will be attended in October 2012. A 
20 minute presentation entitled “Phosphorus Recovery in a Wastewater Treatment Works using Ostara’s Nutrient 
Recycling Technology and Implications on the Phosphorus Cycle: A Case Study” will be presented. This will be a 
great opportunity to present, network and learn more information before writing a journal article on the topic. 
Attending this conference provides an excellent opportunity to visit the headquarters and full scale phosphorus 
recovery sites of Ostara. Roland Clift and I will be travelling to meet Ostara together. Ostara’s Vancouver office will 
be visited on Thursday 18th October for a brief presentation and familiarisation with the company. We will then fly 
from Vancouver to Portland, Oregon, to visit Ostara’s first full scale phosphorus recovery system. This provides a 
great opportunity to meet Ostara staff and have many questions about the process answered. 
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Figure 11: Primary Settlement Tank 
 
 
Figure 12: Picket Fence Thickener 
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Figure 13: Final Settlement Tank 
 
 
Figure 14: SAS Belt 
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Figure 15: Blending Tank 
 
 
Figure 16: Primary and Secondary Digesters 
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Figure 17: Centrifuge 
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Chapter 1: Struvite Recovery at Slough STW 
1.1 Introduction 
As described in the previous 6 month and annual reports, a phosphorus recovery system is currently being 
installed in Slough sewage treatment works (STW). This phosphorus recovery system is the first installation in 
Europe by the Canadian company, Ostara. The system is installed to treat centrifuge centrate liquors, producing 
the phosphate rich slow release fertiliser, “Crystal Green”. Further information on the technology can be found in 
the six month and annual reports.  
Research is being conducted into all aspects of the installation of this phosphorus recovery system in the STW. 
Mass balances were created to display the current state of the STW prior to the installation of the phosphorus 
recovery system. The mass balance describes the movement and accumulation of solids and nutrients around the 
site. Flow rates (m3/day), mass flows (kg/day) and phosphorus flows (tot.P and PO4 kg/day) are shown in the mass 
balance. Using this mass balance, changes expected in the site after phosphorus recovery were predicted and 
 Sustainable P Recovery from Waste  Appendix D – Eighteen Month Report 
D-81 
displayed in another mass balance. These predicted changes will be compared to the “real” changes experienced 
onsite to understand the true effects of phosphorus recovery on a STW. 
This research in Slough STW has been the focus of work in the past six months. It will continue to be the focus of 
research as the site changes to allow the system to be run and after the system begins to recover struvite fertiliser. 
The broader industrial ecological and sustainability aspects of the system will also be explored at a later date in 
this research. 
1.2 Last Six Months 
1.2.1 Data Analysis 
In the past six months further work has been carried out in producing a mass balance describing wastewater and 
sludge flow rates, mass solids flow rates and phosphorus flow rates throughout Slough STW prior to phosphorus 
recovery. The procedure for calculation of the mass balance as described in the annual report remains the same. 
Each process was calculated separately and then brought together to solve remaining information required and 
resolve conflicts between processes. The analysis of data used to calculate this mass balance was the focus of 
much consideration in the past 6 months. 
Due to many factors such as heavy rainfall, human error in collecting the sample, processes in the STW not running 
properly or having been fixed over the year of sampling, processes switched off, processes switched on leading to 
a large sudden movement of solids, the results from sampling can vary greatly. For example, in Table 3 on page 82, 
the suspended solids concentration varies from 100 – 16,840 mg/l, the average based on all data is 826.7 mg/l. 
However, this average includes all data resulting from human error and unusual events in sampling. In order to 
remove these “outliers” (unusual events and human errors in sampling) confidence intervals were calculated. A 
confidence interval is used when estimating an unknown parameter from sample data, i.e. the average. The 
interval provides a range for the average and a confidence level that the range covers the true value, i.e. the true 
value of the average flow rate etc. onsite (Freedman, et al., 1998). To provide a better confidence level of average 
concentrations, confidence intervals were calculated for solids and phosphorus concentrations. 
5%ile and 95%ile values for suspended solids (SS), total phosphorus (tot.P) and dry solids (DS) concentrations 
obtained from 35+ sampling events were calculated. This provides a range within which the true value of the 
average concentration should lie. Since this is the range, values outside this range should not be used to calculate 
the average concentration. Using an “if” statement in Microsoft Excel, concentrations lying inside the confidence 
interval (5%ile – 95%ile) were included in the calculation of the average concentration. Any concentrations lying 
outside the confidence range was not included in the average concentration calculation as it must be an “outlier”, 
i.e. does not represent the true average concentration. If a concentration was not included in tot.P average 
calculation, the corresponding SS concentration for that day was not included in calculations. An example of the 
“if” statement and the sampling data is provided in Table 1 below. 
When input into the mass balance, the new values for average SS, tot.P and DS did allow the inlet and outlet total 
phosphorus mass flows of Slough STW to agree more closely, since the outliers were removed. Outliers from flow 
rate data were also removed from average flow rate calculations using a similar method to that described for 
sampling data. By removing outliers from both sampling data and flow data, it was possible to close the mass 
balance with regards to total phosphorus mass flow rates, as shown in Figure 1. However, while this method did 
reduce the outliers in sampling and allow the balance to close (with regards to total phosphorus), removing 
outliers does not convey the true data collected in Slough STW. Higher or lower concentrations obtained as a 
result of heavy rainfall, for example, are removed from calculations. 
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Table 3: Average Calculations Removing Outliers 
DATE Good Data? Suspended Solids (mg/l) Total Phosphorus (mg/l) 
11-Oct-11 no - 79.34 
13-Oct-11 no - 78.48 
18-Oct-11 no 4900 226.17 
27-Oct-11 yes 138 90.2 
26-Jan-12 yes 112 75.502 
7-Feb-12 yes 202 70.62 
13-Feb-12 yes 344 67.283 
17-Feb-12 yes 500 73.348 
29-Feb-12 yes 292 81.969 
7-Mar-12 yes 344 78.574 
14-Mar-12 yes 340 88.965 
27-Mar-12 yes 152 74.053 
3-Apr-12 yes 192 82.15 
11-Apr-12 no - 80.413 
17-Apr-12 no - 81.98 
26-Apr-12 yes 172 74.267 
01-May-12 no 102 68.008 
10-May-12 no 100 63.142 
17-May-12 yes 170 67.791 
24-May-12 no - - 
29-May-12 yes 170 134.63 
07-Jun-12 yes 152 70.037 
14-Jun-12 yes 208 68.257 
21-Jun-12 yes 154 68.893 
26-Jun-12 no - - 
03-Jul-12 yes 762 88.1 
10-Jul-12 yes 150 74.25 
18-Jul-12 no - - 
27-Jul-12 no 9480 347.18 
03-Aug-12 yes 250 103.69 
07-Aug-12 no 16840 575.01 
21-Aug-12 no - - 
06-Sep-12 yes 186 74.753 
20-Sep-12 yes 368 83.47 
Equation to return “good data” yes/no:  
IF(AND(suspended solids>5%ile, suspended solids<95%ile, total phosphorus>5%ile, total 
phosphorus<95%ile),"yes","no") 
 
Equation to calculate average based on “good data” = yes: 
{=AVERAGE(IF(good data="yes", suspended solids))} (Array calculation) 
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05-Oct-12 yes 3340 192.55 
18-Oct-12 yes 166 83.421 
31-Oct-12 yes 248 78.296 
15-Nov-12 no - - 
27-Nov-12 no 280 64.317 
06-Dec-12 no - - 
Averages 826.7 95 
Standard Deviation 1957 79.4 
Average (Better) 379.67 85.21 
Standard Deviation (Better) 646.7 27.03 
95%ile 4276 206 
5%ile 106 66.1 
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Figure 18: Current Mass Balance Closed and With Sampling Outliers Removed
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After further contemplation it was decided to include all sample data (i.e. including all human errors and unusual 
events) in the mass balance. This allows for all the data collected in Slough STW to be presented in the mass 
balance. The mass balance was recalculated using averages of all sampling data collected. In order to create a 
more robust mass balance, a standard error for average concentrations was calculated. The standard error was 
calculated by counting how many samples were collected over the year, giving a sample size. Then the standard 
error was calculated using the formula below. 
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐸𝑟𝑟𝑜𝑟 =  
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
√𝑆𝑎𝑚𝑝𝑙𝑒 𝑆𝑖𝑧𝑒
 
However, due to the complex calculations used to calculate the mass balance, simply recalculating flow rates and 
mass flow rates including standard errors leads to extremely large standard errors for concentrations, greater than 
the original value itself. In order to calculate maximum and minimum values for each point in the mass balance 
another method was required.  
To calculate the maximum possible flows, the average flow + standard error (m3/day) was input to the mass 
balance. The maximum flow for each point in the mass balance was identified and recorded. This method was 
repeated by inputting the average flow - standard error (m3/day) to determine minimum possible flows. This 
provides a maximum and minimum possible value for the flows of the mass balance. By subtraction, an average 
flow ± range* for each point in the mass balance is achieved.  
*Range meaning maximum value - average and average - minimum, to provide upper and lower limits for the flow rate. 
A similar method was used to calculate ranges for the mass flow rate onsite (i.e. suspended solids and dry solids 
flow rates in kg SS/day). The formula for mass flow rate is provided below. Since the mass flow rate calculation 
requires the multiplication of flow + standard error (m3/day) by solids concentration + standard error (mg/l), the 
calculation produces a very large standard error (kg/day). To determine maximum and minimum mass flow rates, 
the maximum flows (flow + standard error) and the maximum concentration of solids (concentration + standard 
error) were input to the mass balance calculations. The maximum mass flow for each point in the mass balance 
was determined and recorded. The method was repeated by inputting minimum flows and minimum 
concentrations into the mass balance calculations. This provides the maximum and minimum possible value for the 
mass flow rates. Subtracting from the average provides an average mass flow rate ± range. The method was 
repeated to determine maximum and minimum ranges for tot.P and PO4-P mass flow rates (kg P/day). 
𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑘𝑔/𝑑𝑎𝑦)𝑓𝑜𝑟 𝑙𝑖𝑞𝑢𝑖𝑑 𝑠𝑡𝑟𝑒𝑎𝑚𝑠 =  
𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔/𝑙) × 𝑓𝑙𝑜𝑤 (𝑚^3/𝑑𝑎𝑦)
1000
 
𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑘𝑔/𝑑𝑎𝑦)𝑓𝑜𝑟 𝑠𝑙𝑢𝑑𝑔𝑒 𝑠𝑡𝑟𝑒𝑎𝑚𝑠 =  𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑𝑠 (%) × 𝑓𝑙𝑜𝑤 (𝑚^3/𝑑𝑎𝑦) × 10 
The current mass balance with average ± range is provided in Figure 19. The total inlet and total outlet flows, mass 
flow rates and phosphorus flow rates will be compared to determine if a statistical difference between inlet and 
outlet exists. 
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24804 ± 3051 29460 ± 4160 7355 ± 967 381 ± 48
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3 ± 0.3 587 ± 60
5374 ± 786
161 ± 19
4 ± 0.4
232 ± 20 398 ± 24 493 ± 51
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117 ± 15 63 ± 21 35 ± 9
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Flow m
3
/day 736 ± 45 59 ± 4
Mass kg/day 13107 ± 1401 12551 ± 1370
Tot.P kg/day Data Standard Error 492 ± 33 425 ± 29
PO4-P kg/day TOTAL P IN 684 75 55 ± 3 5 ± 0.3
TOTAL P OUT 479 43
Rate of Accumulation 205 118
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Figure 19: Current Mass Balance with Ranges 
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1.2.2 Iron Dosing at Slough STW 
As described in the Process Safety and Environmental Protection (PSEP) article, the iron dosing in Slough STW must 
be reduced to increase PO4-P concentrations in the centrifuge centrate liquors. To date the iron dosing in Slough 
STW has been reduced by 40% of the original dosage to increase PO4-P in the centrifuge centrate liquors. Figure 20 
below displays a graph of the effect of iron dose reduction on the centrifuge centrate liquor PO4-P concentrations. 
The concentrations have steadily increased since the first iron dose reduction of 20%. There is a slight decline 
towards the end of the month as the effects begin to plateau and the site adjusts to the reduced iron dosing. The 
effects of the second iron dose reduction cannot yet be seen onsite. 
The Ostara 30 day trial of their phosphorus recovery technology will begin as soon as two consecutive PO4-P 
concentrations > 75 mg/l are sampled in the centrifuge centrate liquors. To date this criterion has not been met. 
Sampling continues onsite and sampling data is shared with the relevant parties who will decide when to begin the 
30 day trial. Intensive sampling will be carried out during the time of the 30 day trial. 
 
Figure 20: Effect of Iron Dose Reduction on PO4-P Concentrations 
1.2.3 BNR at Slough STW 
In Slough STW, the biological nutrient removal (BNR) process onsite is not running at full functionality; mixers and 
recirculation pumps in two out of six lanes are not running. Iron dosing ensures the total phosphorus discharge 
consents of the site are met. As iron dosing is reduced the site will rely upon the BNR function to meet discharge 
consents. Therefore the BNR lanes must be brought back to working order. Recently, a meeting was held with 
those responsible for the final decision on the BNR lane refurbishment. An agreement was made to complete a 
part refurbishment on the mixers and recirculation to the lanes. The works should begin this summer 2013. 
Sampling of the entire site will continue over this time to monitor the effects of the improvement in BNR lanes. 
1.2.4 Predictive Mass Balances 
Two predictive mass balances have been created as part of the research on Slough STW. One shows the expected 
effects of the reduction of iron dosing onsite; another depicts the expected effects of phosphorus recovery on the 
site. These predictive mass balances are the subject of an article written for the journal Process Safety and 
Environment Protection (PSEP). The paper is provided in Appendix B. Assumptions made when creating the 
predictive mass balances are provided in the paper. 
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In order to more easily calculate changes expected as a result of iron dose reduction and phosphorus recovery, a 
simplified mass balance was created. In this simplified mass balance, the flows rates, mass flow rates and 
phosphorus flow rates are calculated as a percentage of the inlet. For example, the liquid flow out of the primary 
settlement tank (PST) is 98.6413% of the PST inlet flow. Using this method changes made in the mass balance 
propagate through the balance as they would in reality. Previously, due to the method of calculating the mass 
balance, changes made affected process upstream rather than solely downstream. 
1.2.5 Bio-P Test 
To measure the phosphorus removal capability of the BNR process, a test is being conducted on BNR sludge 
fortnightly. Approximately 10 litres per test of surplus activated sludge (SAS) is collected from Slough STW and 
transported to Island Road, Reading where the sludge is kept overnight in refrigerated storage, before beginning 
the bio-P test the following day. 
The aim of the test is to measure the phosphorus release of microorganisms in the anaerobic phase and the 
phosphorus removal in the aerobic phase. Using these data and volatile suspended solids (VSS), the specific P 
release and specific P uptake over time can be plotted. While the phosphorus accumulating organisms (PAOs) 
population in Slough BNR grows and thrives under reduced iron dosing and increased capacity, the increase in 
specific P release and uptake can be examined. The improvement of the process over time can be observed and 
quantified. This can be come useful for other BNR sites which may also need improvement, such as the fixing of 
mixers and recirculation pumps. The procedure for the test is outlined in below. 
Aeration (Optional) 
1. Air flow = 6 litres/min 
2. Time = 30 minutes 
Pre-denitrification 
1. N2 gas flow = 4 litres/min 
2. Measure NO3 concentration 
3. Sodium acetate addition  = NO3 concentration × 1.91 × litres of sludge 
4. Bubble N2 for 10 minutes 
5. Check NO3 concentration, should be 0 (if not add more sodium acetate) 
Anaerobic Phase 
1. N2 gas flow = 4 litres/min 
2. Sodium acetate = 50 mg × litres of sludge 
3. Take samples every 10 minutes for first hour, every 15 minutes for next hour 
4. Filter using syringe filter and test PO4 using Merck test kit 
5. Extra sample for Spencer House ~ 25 ml 
Aerobic Phase 
1. Air flow = 6 litres/min 
2. Take samples every 10 minutes for first hour, every 15 minutes for next hour 
3. Filter using syringe filter and test PO4 using Merck test kit 
4. Extra sample for Spencer House ~ 25 ml 
Although the aeration phase is reputedly, it optional has affected the results of this test. Aerating the sludge 
ensures that all microorganisms are alive and allows the microorganisms to acclimate to the warmer conditions of 
the water bath (~ 20°C). When the sludge was not aerated prior to the beginning of the test, phosphorus removal 
was experienced immediately. Therefore in subsequent tests the samples were aerated prior to beginning the 
main part of the test. 
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The pre-denitrification phase ensures that all NO3 is removed from the sludge. NO3 is measured using a Merck test 
kit and spectrometer. If no NO3 is present the test can move onto the main anaerobic phase. If NO3 is present, a 
carbon source (in this case sodium acetate) is added to eliminate existing NO3. 
In the main part of this test, N2 gas is bubbled through the sludge to remove all air from the sample. Next the 
carbon source is added as an energy source for the microorganisms. Samples are collected over the two hour 
duration of the anaerobic phase. During this time the phosphorus (PO4-P) concentration of the sludge sample will 
increase as the microorganisms break up stored long chain polyphosphates as an energy source in the absence of 
oxygen (Wentzel, et al., 2008). 
Following the two hour duration, the N2 gas is switched with an air flow. This creates an aerobic phase for the 
microorganisms. During this phase PO4-P is removed from the sludge sample - this is called “luxury uptake”. In the 
aerobic phase PAOs take up PO4-P to regenerate polyphosphates used in the anaerobic phase as an energy source 
(Wentzel, et al., 2008). 
The results of this test are expected to show the form in Figure 21 below. The curves obtained from two bio-P 
removal tests are provided in Figures 5 and 6. Both curves match the ideal curve as much as can be expected when 
using real sludge. The specific P uptake and release are yet to be calculated.  
 
Figure 21: Bio-P Removal Test Ideal Curve 
 
Figure 22: Bio-P Test Graph One 
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Figure 23: Bio-P Test Graph Two 
1.2.6 62nd Canadian Chemical Engineering Conference 
As described in the annual report, in the last six months the work on phosphorus recovery and its global impacts 
and solution at Slough STW was presented at the 62nd Canadian Chemical Engineering Conference. The oral 
presentation was entitled “Phosphorus Recovery in a Wastewater Treatment Works using Ostara’s Nutrient 
Recycling Technology and Implications on the Phosphorus Cycle: A Case Study”. This was the second experience 
presenting at an international conference, but the first 20 minute presentation lead by myself. The slides for the 
presentation are provided in the Appendix A. 
1.2.7 Process Safety and Environmental Protection Journal Paper 
Following the Canadian Society for Chemical Engineering (CSChE)/IChemE Sustainability Symposium which formed 
part of the Vancouver Conference of CSChe, a special issue of the Institutions of Chemical Engineers’ journal PSEP 
will be published. My paper entitled “Phosphorus Recovery in a Wastewater Treatment Works” was selected as 
one which may be appropriate for this issue. The work was also presented as an oral presentation at the 
conference. Since January the draft paper for submission to the journal has been written. The draft paper has been 
placed in Appendix B. 
1.3 Next Six Months 
1.3.1 DGGE Analysis 
Along with assessing the bio-P removal capacity of the BNR, profiling of the microorganisms will also be conducted. 
Denaturing gradient gel electrophoresis (DGGE) is routinely used in microbiology to show the diversity of microbial 
communities and to monitor population dynamics (Muyzer, 1999). DGGE is a “fingerprinting” approach which can 
generate a pattern of genetic diversity in complex microbial ecosystems. DGEE is advantageous in that microbial 
communities can be profiled visually and is a quick and efficient process (Ly, 2013). 
DGEE analysis will be conducted in the University of Surrey Department of Microbial and Cellular Sciences. A 
meeting will be held in the department in April to discuss the analysis and requirements. It is expected the DGGE 
analysis will be conducted every month using 2-3 BNR sludge samples each time. 
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1.3.2 BioWin WWTW Modelling 
The mass balances shown previously were created using Microsoft Excel software. Recently BioWin software was 
purchased from EnviroSim. This software was specifically built to model wastewater treatment processes. Manuals 
and online tutorials are available to learn how to use this software. The tutorials as described in the manual have 
been completed. However, more time is needed to understand how to correctly model Slough STW using this 
software. This will be the focus of further work before the phosphorus recovery system begins the recovery of 
struvite. BioWin software offers advantages over a simple excel model in that it was purposely built to model 
wastewater processes. The software is more robust than the excel model (which is prone to malfunctions).  BioWin 
can also be used to create predictive mass balances of the site. 
1.3.3 Comparison of “Real” and Predictive Mass Balances 
After the iron dosing has been sufficiently reduced, the “real” effects on the site will be compared to the predicted 
effects as calculated and displayed in the mass balance. This exercise will also be repeated when the phosphorus 
recovery begins at Slough STW. This will allow for the effects of iron reduction and struvite recovery to be truly 
understood. There has been limited literature published examining and reporting the effects of full scale 
phosphorus recovery and the installation of such systems in a STW. 
1.3.4 Journal articles 
Leading on from comparing the real and predicted effects of iron dosing and phosphorus recovery onsite, a paper 
will be written to describe these effects. Mass balances will be used to display the effects and the differences 
between the predicted and the “real” effects. This will be a continuation (of sorts) of the paper written for the 
PSEP journal. 
In 2002-2004 Jasmin Jaffer conducted research on the problem of struvite formation in Slough STW. A journal 
article entitled “Potential Phosphorus Recovery by Struvite Formation”  (Jaffer, et al., 2002) was written during the 
research. This article was published in the Water Research journal. This is a widely read and acknowledged journal 
in the field of water and wastewater research. It is intended that an article detailing the effects of struvite recovery 
in Slough STW be written as a follow up to Jaffer et al.’s 2002 paper. The article will describe the solution which 
was found to the problem observed more than 10 years ago. 
Another journal article may be written describing the effects of iron dosing reduction and fixing of the BNR lanes 
on the microorganisms responsible for nutrient removal, particularly phosphates. The bio-P tests being conducted 
can be used to show the growth of PAOs and the increase in their specific P release and uptake capability over 
time. This coupled with the DGGE analysis may be appropriate to produce another paper separate from 
phosphorus recovery. 
1.4 Next Twelve Months 
1.4.1 Industrial Ecology of Phosphorus 
After phosphorus recovery has been running at Slough STW providing commercial customers with phosphate rich 
slow release fertiliser for approximately one year, it is intended that the industrial ecology of phosphorus be 
reviewed. The social, environmental and economic aspects of phosphorus recovery globally and in relation to the 
struvite recovery at Slough STW will be investigated. The global and national impacts of phosphorus recovery will 
be explored.  
1.4.2 Corporate, Social and Environmental Responsibility 
In December 2012, a module entitled Corporate, Social and Environmental Responsibility (CSER) was attended as 
part of the EngD programme. In order to pass the module an assignment must be written and submitted to the 
lecturer. The opportunity was taken to write an assignment dealing with the CSER associated with the recovery of 
phosphorus from wastewater – “What are the CSER Responsibilities of a Water Utility Recovering Phosphorus from 
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Waste for Reuse as a Fertiliser?” There is potential for this assignment to be rewritten as a publishable journal 
article. Much more work would be needed to improve the quality of the assignment for publishing. The 
assignment is provided in Appendix C. 
 
Chapter 2: Phosphorus Recovery from Ash 
2.1 Introduction 
Alongside the phosphorus recovery project at Slough STW, there is also interest in recovering phosphorus from 
incinerated sewage sludge ashes and wheat straw ash. Further experiments are being undertaken to develop a 
method for recovering phosphorus from these two ashes. Many current technologies use high energy and acid 
concentrations to leach phosphorus from ashes. However, these processes are unsustainable as the acid and 
energy requirements are prohibitively expensive. An aim of these ash based phosphorus recovery experiments for 
this project is to keep energy and acid consumption to a minimum. These experiments are linked with the struvite 
recovery in Slough STW project, in that the aim is to recover phosphorus from waste streams. Little work has been 
conducted in this area of the project due to a lack of time as the struvite recovery and mass balances have been 
the focus of research in the last six months. 
2.2 Last Six Months 
2.2.1 SEM Analysis 
In November 2012, scanning electron microscopy (SEM) analysis was carried out on the ash samples in the 
University of Surrey. SEM uses a beam of high-energy electrons to generate signals at the surface of solid samples. 
Information about the external morphology, chemical composition, crystalline structure and orientation of 
materials making up the sample is revealed. SEM is capable of analysing selected locations in the sample for closer 
analysis (Swapp, 2012). An example of the pictures obtained as a result of this analysis is provided in the figures 
below. The data must still be examined in greater detail to decipher the information provided by the analysis. This 
analysis and other potential analysis will be carried out to determine further the speciation of the ash samples. 
 
Figure 24: SEM Image of Tate & Lyle Baghouse Ash 
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Cellulose material (i.e. organic plant material) can be seen in the SEM image of the Tate & Lyle baghouse ash, from 
incineration of wheat straw. In preliminary experiments, this ash displayed the greatest water solubility of 
phosphorus compared to the other ash samples. It is now clear why this ash did display the greatest solubility as it 
contains significant amounts of organic material. The graph below represents the elements which are present in 
the baghouse ash sample (x-axis is photon energy; y-axis is count of each particular element). Greater quantities of 
phosphorus, potassium and aluminium are noted, while metals are present in much lower quantities. This analysis 
does not provide concentrations of elements, but rather gives a count of which are present in the greatest 
quantities.  
 
Figure 25: Graph of Elements Present in Tate & Lyle Baghouse Ash 
 
Figure 26: SEM Image of Tate & Lyle Fly Ash 
In contrast to the baghouse ash image in figure 7, the image of fly ash in figure 9 displays molten metal spheroids. 
Ash analysis conducted in Spencer House showed this ash contains greater quantities of iron and aluminium than 
the baghouse ash. Cellulose material is also present, confirming the ash is sourced from incinerated organic 
material. The graph of elements for this ash displays similar results to those shown for the baghouse ash. 
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Figure 27: Graph of Elements Present in Tate & Lyle Ash 
 
Figure 28: SEM Image of Beckton Ash 
The SEM image above is rather different from the previous two SEM images of incinerated wheat straw. The ash 
above was sourced from Beckton STW which incinerates sewage sludge. The SEM image shows a very 
homogenous sample with smaller sized particles than the Tate & Lyle ashes. The graph also displays greater 
quantities of heavy metals compared to the Tate & Lyle incinerated wheat straw ashes, as confirmed by Spencer 
House analysis of ash.  
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Figure 29: Graph of Elements Present in Beckton Ash Sample 
2.2.2 MSc Student 
Little research has been conducted into recovering phosphorus from ash in the last six months and it is envisaged 
that research into struvite recovery at Slough will require more time commitment. Therefore, it was decided to 
enlist a student to help continue the research into phosphorus recovery from ash. The search for a student began 
in December 2012. A project proposal was written and sent to two Universities in France, one in Ireland and the 
MSc water and environmental engineering in the University of Surrey. A student from the University of Surrey was 
selected to begin the project in March 2013 until September 2013. The ash experiments will be used as her MSc 
dissertation, supervised by Dr. Devendra Saroj.  
2.3 Next Six Months 
2.3.1 Dependence of Phosphorus Recovery from Ash on pH 
The first step in investigating phosphorus recovery from ash is to explore the dependence of phosphorus solubility 
on pH. The ashes used in these experiments will be Beckton, Crossness and Tate & Lyle baghouse ashes. The 
Beckton and Crossness ashes are in plentiful supply and the baghouse ash showed the best results with regards to 
leaching of phosphorus into solution. The aim of this experiment is to enable determination of the pH required to 
dissolve the most phosphate into solution. The solution will be filtered and sent to Spencer House for full analysis 
to determine what components are dissolved along with the phosphorus. As well as analysing the filtrate, the 
residue left on the filter paper itself will also be analysed. In this way a mass balance can be created to compare 
what was originally present in the dry ash, what was leached into solution and what remains in the wet ash. A 
suitable pH for the optimum release of phosphorus into solution will be determined from a graph showing PO4-P 
versus pH. The optimum pH is that value at which the most amount of phosphate is leached with the least amount 
of contaminants (iron, aluminium) using a reasonable volume of acid (i.e. not prohibitively expensive). 
2.3.2 Other Methods of Reducing pH 
Following the identification of an appropriate pH, methods of achieving this pH using alternative methods will be 
determined. One method which has been used successfully in previous experiments for this project is the use of 
CO2 to reduce the pH of solution to ~ 4. This method is ideal as CO2 can be found easily onsite as a waste flue gas 
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or from the fermentation of primary sludge. This method is also beneficial in that carbon can be sequestered 
during the process. Other methods will also be explored. 
2.3.3 Waste Streams for Struvite Recovery 
The aim of the range of phosphorus recovery from ash experiments is to use waste streams in direct or other 
forms to recover struvite. Struvite MgNH4PO4.6(H2O) is formed from the elements phosphorus, magnesium and 
ammonia. Waste streams containing high quantities of ammonia are easily found in STW. Significant 
concentrations of magnesium can be found in the residue left after seawater has been desalinated. Magnesium 
can also be found as a waste by-product from salt manufacturing. Known as bittern, it is a low-cost source of 
magnesium ions (El Diwani, et al., 2007). Other sources of the required ions will be researched in the coming 
months. 
2.4 Next Twelve Months 
2.4.1 Further Experiments 
In the longer term (third/fourth year) more attention will be given to the ash experiment aspect of this research 
project. By this time the struvite recovery at Slough STW will be running, the new mass balance will have been 
created and journal papers written. From research conducted by the MSc student, a better understanding of 
struvite precipitation using waste streams for the recovery of phosphorus from ash will be gained. Using this 
knowledge, a method for phosphorus recovery using waste streams will be developed. Experiments will start small 
scale in the laboratory. However, if one method appears to work, the experiments will be scaled up to a larger size 
in the pilot hall in Reading STW. The ultimate goal is to develop a full scale system for recovering phosphorus from 
ash which uses less chemical demand and utilises waste streams which are already present in Thames Water 
Utilities sites. Journal articles on theories, findings, methods and pilot scale development will be written during this 
time. In addition to the technological side of the project, the industrial ecology of phosphorus will be discussed in 
papers. The reasons for the development of a new technology will be discussed with reference to the global 
phosphorus cycle. The need to ensure a slow release fertiliser is produced will be discussed in connection with the 
“leaky” phosphorus cycle. 
 
Chapter 3: University of Surrey and Other Activities 
3.1 Last Six Months 
3.1.1 University of Surrey Modules 
In the last six months of the EngD two modules were attended, these were: 
 Corporate, Social and Environmental Responsibility (CSER) 
 Environmental Auditing and Management Systems 
A mark of 79% was achieved in the pre-module assignment for CSER and 74% in the post-module assignment, 
giving an average of 76% for this module overall. As mentioned previously in chapter 1, there is a possibility of 
producing a publishable paper based upon the assignment written for the CSER module. 
3.1.2 Monthly Updates 
During the November 2012 supervisor meeting a supervisor requested a monthly update detailing work which has 
been carried out over the month be distributed. Five monthly updates have been provided in the Appendix D. 
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3.1.3 Other Activities 
In January 2012 a meeting was held with other phosphorus researchers based in ERIE in the University of Surrey. A 
meeting was held in the first year of this project, so this meeting was a follow up to this. It is interesting to meet 
and discuss researchers with others in this field; it is also helpful to determine potential opportunities for 
collaboration. The researchers in ERIE are focused mostly on the policy and regulation aspects of phosphorus 
research. Contact will be kept with the ERIE department to keep up to date with other phosphorus researchers. 
The University of Surrey library offers many workshops available for students over the year. In February 2012 two 
workshops were attended – Stress Busting for Busy Students and Getting Published. 
3.2 Next Twelve Months 
3.2.1 University of Surrey Modules 
The next module which must be attended is Environmental Law in May 2013. The Risk and Financial Management 
module, which was scheduled for this year has been postponed until May 2014. The Ecological Economics module 
is timetabled for January 2014. In order to broadening understanding of water regulation, policy and management 
the elective module Water Policy and Management will be attended in May 2014. 
3.2.2 EngD Conference 
This year the EngD conference theme is “Impact”, i.e. how our project impacts our companies, the University and 
in a broader sense, the globe or national area. A workshop has been organised to help us prepare for the 
conference. Some preparation must be done for the workshop, i.e. 
1. Who are the stakeholders in your research? 
2. Taking into account the stakeholders you have identified in question 1, bring 3 physical “things” that 
communicate / represent the potential impact of your research.   
 
3.2.3 Other Activities 
Recently an email was sent to all post graduate researchers describing an opportunity to attend the UGPN 
Interdisciplinary Doctoral Seminar on Water Management and Security in the University of Sao Paulo this July 
2013. This would be a great opportunity to attend interesting workshops and learn more about water 
management. However, it is felt that there will be a lack of time due to project to attend the seminar. 
All post graduate researchers also received an email advertisement for a conference “Minerals for Life: 
Overcoming Resource Constraints”. The conference is co-organised by the mineralogical society of Great Britain & 
Ireland, the Geological Society, London and the Institute of Materials. It will be held in Edinburgh in June this year. 
One of the conference themes is “strategically important mineral resources” – critical metals and other 
commodities (including phosphates, fluorite, etc.). This conference will provide opportunity to learn of other 
important resources and how their scarcity is being dealt with. The call for abstracts for oral presentations and 
posters is the 15th of April. It is the intention to apply for an oral presentation to practice presentation skills and 
increase awareness of the current research. 
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Abstract 
Struvite deposits inside pumps and pipes at sewage treatment works (STW) cause operational problems. These 
deposits are caused by the anaerobic digestion of biological nutrient removal sludges. To alleviate this problem, 
FeCl2 solution is dosed to remove PO4-P into an insoluble metal phosphate. However, this is an expensive process 
and increases sludge mass production. A more economically viable and sustainable solution is to recover struvite 
as fertiliser.  
This paper describes the results of research designed to explore, using a mass balance approach, the changes that 
would occur at a municipal sewage treatment works once FeCl2 dosing is reduced and struvite recovery begins. A 
reduction in FeCl2 dosing will increase PO4-P concentrations of centrifuge centrate liquors, increasing the recovery 
rate of struvite fertiliser. Reduced FeCl2 dosing should decrease sludge cake mass by approximately 1790 kg/day. 
As a result of phosphorus recovery, the percentage PO4-P concentration contribution of the return stream to 
influent PO4-P concentration may reduce from 22.3% to 17.4%. This decrease will reduce the struvite formation 
potential in the STW network. 
Discussion on the suitability of phosphorus recovery from STW to alleviate global phosphorus supply problems 
suggests that recovery as a slow release fertiliser improves the industrial ecology of phosphorus. 
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1. Introduction 
Phosphorus discharges in surface waters have been highlighted as a major concern under the European 
Commission’s (EC) Water Framework Directive (WFD) (Environment Agency, 2012). Excess phosphorus in receiving 
waters can lead to eutrophication, which in extreme cases can lead to the growth of toxic algal scum resulting in 
fish deaths (Barnard, 2007). Phosphorus received in wastewaters is primarily generated from human sources, 
cleaning products and industry (Environment Agency, 2012). Since the implementation of the EC Urban Waste 
Water Treatment Directive (UWWTD) 97/271, many European wastewater treatment works must meet 
phosphorus and nitrogen discharge consents. Due to these stringent discharge targets, biological and chemical 
processes have been developed to remove compounds containing these nutrients from wastewater (Doyle & 
Parsons, 2002).  
The BNR system has become an established technology in STW to control eutrophication. However, the technology 
has brought its own challenges to meet stringent discharge targets in a cost-effective and sustainable way (Hu, et 
al., 2012). As a result of removing nutrients, the waste sludge contains greater concentrations of phosphorus, 
nitrogen and magnesium (Doyle & Parsons, 2002). These ions found in combination, particularly in biological 
nutrient removal (BNR) processes can result in the formation of struvite deposits (Doyle & Parsons, 2002). 
Struvite (MgNH4PO4.6(H2O)) is a white crystalline substance composed of magnesium, ammonium and 
phosphate in equi-molar concentrations. Struvite forms according to the general reaction shown in Equation 1 
(Doyle & Parsons, 2002). 
Eqn 1: Mg2+ + NH+4 + PO3-4 + 6H2O  MgNH4PO4.6(H2O) 
Struvite formation is associated with areas of increased turbulence, as its solubility decreases with pH (Jaffer, et 
al., 2002). Currently, struvite is seen as a nuisance in sewage treatment works (STW) because it forms a hard 
deposit on the inside of pipes, pumps and centrifuges. Struvite reduces internal pipe diameters and increases the 
energy needed to pump sludge through the network and gives rise to significantly increased maintenance effort 
(and hence cost) to remove the deposits (Doyle & Parsons, 2002). 
It has been noted that wastewater contains resources worthy of recovery. A paradigm shift is required to focus not 
on what must be removed from wastewater, rather on what can be recovered from wastewater (Guest, et al., 
2009). Struvite is one such resource which should be recovered rather than removed. Struvite can be regarded as a 
valuable resource in that it can be the basis of a slow-release phosphorus, nitrogen and magnesium fertiliser. 
Phosphorus and nitrogen are primary nutrients for plants while magnesium is an important secondary nutrient. 
The challenge rests with designing cost-effective processes that allow struvite to be extracted from the system and 
therefore prevent it from being a nuisance. One such process (Pearl®) has been pioneered by a Canadian company 
called Ostara Ltd., where struvite is the basis of a fertiliser called ‘Crystal Green’. 
While the chemistry of struvite formation is well understood, there has been no published work on the operation 
of struvite recovery under large-scale STW processes. This significant gap covers both the projected changes in 
phosphorus mass balances that would be expected as well as the realised changes.  
The objective of this paper is to help address this gap in knowledge by first presenting the phosphorus mass 
balances that are observed in a STW and then exploring how this would be expected to change once a struvite 
recovery process had been installed. The site for the research is Slough STW - owned and operated by Thames 
Water, the largest water company in the UK. Slough STW has been using a combination of biological methods and 
chemical methods to remove phosphorus from influent wastewater. The intention of the company is to install a 
struvite recovery process to alleviate operational problems caused by the BNR facility onsite. Currently, the site is 
being slowly weaned off iron dosing to allow phosphorus present in activated sludge to become more bioavailable 
for struvite recovery. This paper presents a theoretical mass balance predicting the changes expected onsite due 
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to the reduction of chemical dosing. A mass balance is presented which evaluates the effects of reduced iron 
dosing combined with phosphorus recovery across the entire STW. 
2. Closing the phosphorus loop 
Phosphorus is an essential nutrient for crop growth and the production of food worldwide. In view of the booming 
population and associated nutritional requirements of future generations, food production must increase 
significantly. Since the world’s cultivated areas cannot be increased, phosphorus fertiliser application must expand 
drastically (Franz, 2008). In order to meet this demand phosphorus recovery from STW is ideal. Phosphorus found 
in wastewaters arise from human excrement, food wastes, dishwasher detergents, laundry detergents (although 
this is being phased out), industrial and commercial discharges. The amount of phosphorus excreted by humans is 
approximately 1500mg P/head/day; globally this equates to 3-3.5 Mt P/year (Dawson & Hilton, 2011). This creates 
a great opportunity for phosphorus recovery in STW globally. The way in which phosphorus is currently used 
globally does not accord with the principles of sustainability (Brett, et al., 1997). Phosphorus recovery from STW 
and reused as a fertiliser practiced on a large scale can create a recycle loop of phosphorus in the environment. 
However, this is only a small way to reduce the dissipation of phosphorus. Slow release fertilisers can help avoid 
the loss of phosphorus in the food production system by leaching. Slow release fertilisers have low leach rates, 
slowly releasing nutrients during the growing seasons (De-Bashan & Bashan, 2004). If recovered or recycled 
phosphorus is readily leachable from soil, pollution of water bodies in agricultural areas will be worsened and 
benefits for the industrial ecology of phosphorus are small (Clift & Shaw, 2011). The struvite fertiliser being 
produced in Slough STW is an example of a slow release fertiliser.  
3. Struvite recovery at Slough STW 
3.1 Slough STW struvite problems 
Slough STW serves a population equivalent (PE) of approximately 238,000. A significant proportion of this PE is 
industry, including food packaging and confectionary producers. Slough STW also accepts imported sludge from 
other smaller Thames Water STW located nearby.  
Originally, Slough STW treated wastewater by the biological uptake and removal of nutrients in a BNR process 
(Jaffer & Pearce, 2004). By alternating conditions between a carbon-rich anaerobic phase followed by a carbon-
poor aerobic phase, a metabolic cycle is induced in microorganisms. In the anaerobic phase microbes deplete 
organic matter and carbon from the wastewater and release phosphate. When the conditions are changed to 
aerobic, the microorganism populations increase to take up more phosphate than originally released during the 
anaerobic phase. Using this method phosphorus is removed from wastewater to meet regulatory discharge 
consents. The activated sludge produced after the BNR process is rich in phosphate (Wentzel, et al., 2008). 
Following the BNR process, the wasted activated sludge in Slough STW is anaerobically digested. Anaerobic 
digestion of BNR sludge releases high quantities of magnesium and phosphate, which coupled with high 
concentrations of ammonium in wastewater make conditions ideal for the formation of struvite (Jaffer, et al., 
2002).  
However, within six months of commissioning the BNR plant, Slough STW suffered problems with struvite 
precipitation. The pipeline between the digested sludge holding tank and centrifuge, in particular the centrate 
lines, and pumps had become restricted to such an extent that it was no longer possible to transfer sludge to the 
centrifuge for dewatering (Jaffer, et al., 2002). The anaerobic digestion of sludges solubilises magnesium, 
ammonium and phosphate and results in the formation of struvite (Ofverstrom, et al., 2011). In order to suppress 
phosphate release in the BNR process iron chloride is dosed into the head of the works immediately prior to the 
aeration phase of the BNR process. During the anaerobic phase of BNR, polyphosphates and organic phosphorus 
are converted to orthophosphate (Brett, et al., 1997). However, it has been reported that the addition of metal 
salts inhibits the hydrolysis of polyphosphates and reduces BNR. Iron ions in solution react with phosphate 
producing insoluble metal phosphates (Crutchik & Garrido, 2012). The metal salt precipitates phosphorus into 
sludge, thereby removing the potential for struvite formation in the digester (De-Bashan & Bashan, 2004). In 
Slough STW iron dosing supplements the BNR process in meeting regulatory discharge consents.  
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In research carried out by Jaffer, et al., (2002) andJaffer & Pearce (2004) in Slough STW, it was recognised that 
phosphorus recovered in the form of struvite is a commercially viable product. Following from this Ostara were 
contracted to install their Pearl® nutrient recycling process in Slough STW. By displacing phosphorus from the 
network into a struvite fertiliser, the phosphorus returned to the head of the works is significantly reduced. This 
reduces the potential for struvite formation inside pumps and pipes of the network, reducing the energy and 
maintenance effort required onsite. An important step in the recovery of phosphorus in this site is to reduce the 
iron chloride solution dosing onsite. By reducing iron chloride dosing the PO4-P concentrations found in the 
network will increase, as orthophosphate will no longer be bound as an insoluble metal phosphate. 
3.2 Ostara Pearl® nutrient recovery system 
Struvite precipitation occurs by two mechanisms: nucleation and deposition. Nucleation is the formation of new 
struvite particles; deposition is the process in which seeds “grow” as successive layers. Ostara’s Pearl® nutrient 
recycling process initiates and controls struvite precipitation in an upflow fluidised bed reactor. The Ostara Pearl 
process is self-seeding and produces monolithic pellets which can be grown to the size dictated by customers - 
typically 0.5-3mm (Ostara, 2010). 
The Ostara Pearl® reactor is installed after the centrifuge treating sludge dewatering liquors. These dewatering 
liquors enter the reactor from the bottom, while treated effluent overflows at the top. In municipal STW, 
magnesium is the limiting nutrient; therefore, this is added in the form of a salt solution at the bottom of the 
reactor to initiate the crystallisation of struvite. A partial recycle stream is returned to the base of the reactor to 
ensure suspension of particles in the reactor, control over the reaction rates and velocity. The rate of struvite 
formation is controlled so a high quality product with desired qualities (size, hardness, purity, etc.) is formed. 
When desired particle size and quality are reached, struvite is harvested from the reactor, dried and packaged 
onsite. The struvite produced by the pearl process is sold as a premium quality slow release fertiliser called Crystal 
Green (Cordell, et al., 2011; Ostara, 2010). 
4. Methodology 
Wastewater and sludge sampling in Slough STW was carried out from October 2011 and at the time of writing is 
on-going in order to gather background data of the site prior to the installation of the phosphorus recovery 
system. Composite samples were obtained at three sampling points (crude sewage, settled sewage and final 
effluent) using auto-samplers, all other samples obtained were ‘grab’. Samples were sent to Thames Water 
Laboratories for analysis. Sample analysis included, among others, suspended solids, NH4-N, NO2-N, NO3-N, total 
phosphorus (tot.P), soluble phosphorus (PO4-P), dissolved phosphorus, iron, magnesium and calcium. Averages 
and associated standard errors for all analysis were calculated. These data were used to create mass balances of 
Slough STW in Microsoft Excel. 
The mass balances describe flows rates (m3/day), mass flows (kg/day) and phosphorus flows (kg P/day). In order to 
calculate the mass balance and due to a lack of information in parts, each process was separated and flows rates, 
mass flows and phosphorus flows calculated separately. The processes were brought together to balance the 
inputs and outputs to create a mass balance showing an overview of the site. The following equations were used 
to calculate the solids and phosphorus masses depicted in the mass balance. In order to obtain sludge PO4-P 
concentrations, sampled sludge was centrifuged, the liquid fraction drawn off using a pipette and the liquid sent to 
the analytical laboratory for PO4-P analysis. 
Eqn 2: Mass flows (kg/day) for liquid stream = suspended solids (mg/l) × flow (m3/day) / 1000 
Eqn 3: Mass flows (kg/day) for sludge stream = dry solids (%) × flow (m3/day) × 10 
Eqn 4: Phosphorus mass flows (kg/day) for liquid streams = phosphorus (mg/l) × flow (m3/day) / 1000 
Eqn 5: Phosphorus mass flows (kg/day) for sludge streams = phosphorus (%) × flow (m3/day) × 10 
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Due to the arrangement of Slough STW, it was not possible to sample the influent sewage to the works before the 
addition of the return liquor stream. The return stream contains significant concentrations of tot.P and PO4-P from 
PFT, SAS belts and centrifuge. The influent data was calculated by the subtraction of the return stream mass from 
the crude sewage mass. 
5. Results & Discussion 
5.1 Current state of Slough STW 
A mass balance of flow rates, mass (based on suspended solids and dry solids), tot.P and PO4-P through Slough 
STW are shown in Figure 3 and summarised in Table 1. The mass balance is used to depict the current state of 
Slough STW prior to phosphorus recovery with the Pearl® process. The movement and accumulation of phosphorus 
and iron around the site is monitored using the mass balance. The mass balance demonstrates that 22.5% of tot.P 
and 22.3% of PO4-P entering the head of the works (before PST) is due to phosphorus present in the return liquor 
stream from sludge treatment processes. This compares well with 26% total phosphorus return percentage 
reported by Jaffer et al. (2002); PO4 was not reported. Evans’ (2009) report that sludge dewatering liquors 
contribute 20% to the influent phosphorus concentrations. The mass balance also indicates that the majority of 
phosphorus in the return stream, i.e. 40.6% tot.P and 69.8% PO4-P originates from the centrifuge centrate liquors. 
Ueno & Fuji, (2001), report that 70% of phosphorus load entering the head of their works is due to anaerobic 
digestion dewatering filtrate sidestream. However, it is unclear if this value relates to tot.P or PO4-P 
concentrations.  
By installing the Ostara phosphorus recovery system after the centrifuge, the concentrations of tot.P and PO4-P of 
the centrifuge centrate liquors should reduce significantly. Approximately 80% of PO4-P will be removed from the 
return stream and transferred into the struvite fertiliser. Due to this removal of PO4-P from the return stream, the 
nutrient load requiring re-treatment will be reduced (Ostara & Thames Water, 2010). This will reduce the potential 
formation of struvite inside the pipe network and pumps, and improve the overall operation of the site. The 
realised effects of a full-scale phosphorus recovery system have not been reported in literature as of yet. A 
theoretical mass balance detailing the predicted effects of phosphorus recovery is discussed in section 5.3. 
5.2 Iron dosing in Slough STW 
The current average PO4-P concentration of centrifuge centrate liquors is 62.86 ± 5.71 mg/l. At this concentration, 
the recovery of struvite fertiliser lies between 40-50% (Lycke, 2012). In order to increase the recovery rate of 
fertiliser the concentration of PO4-P in the centrifuge liquors must be increased to approximately 100 mg/l. An 
increase in PO4-P concentrations can be achieved by reducing the iron chloride solution dosing in Slough STW. 
With the reduction in iron chloride solution dosing the phosphorus will be present in a more bioavailable form for 
recovery of struvite fertiliser. Approximately 12 mg/l of iron chloride solution is currently dosed in Slough STW. 
Since phosphorus will be recovered from centrifuge centrate, reducing the overall phosphorus load on the works 
and the struvite formation potential, the iron chloride solution dosing onsite can be reduced significantly. Only 1 
mg/l of Fe is required to reduce odours onsite according to the Thames Water chemical dosing systems standard 
(Thames Water, 2009). It is important in Slough STW that the iron dosing be reduced step-wise to avoid 
overloading the BNR facility; shocking the organisms and causing a failure of discharge consents. A gradual 
decrease in iron dosing allows the microorganisms to adjust to the new environment and grow steadily until they 
are capable of removing phosphate to achieve discharge standards without the aid of metal salt addition. 
Chemical phosphorus removal is known to increase sludge volume over biologically produced sludges. Brett, et al., 
(1997) report a small increase of 30% in chemical sludges over biological solids produced, while Ofverstrom, et al., 
(2011) state a greater threefold increase in sludge volume depending on the site of chemical dosing (pre-
precipitation generating more sludge than post-precipitation). Similar to Ofverstrom et al.’s estimates, Thames 
Water (2009) state an increase in overall sludge production of 2.5 × average iron dose (kg/day). This is due to the 
increased clarification efficiency from chemical coagulation (Hammer & Hanmmer, Jr., 2004). 
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In Slough STW, iron chloride solution is currently dosed at a maximum of 6000 kg FeCl2 solution/day to remove 
phosphorus into the sludge matrix and reduce onsite odours. This iron chloride solution contains approximately 
10% Fe; therefore iron chloride solution as Fe is dosed at a rate of 600 kg/day. At an influent flow rate of 60,822 
m3/day, 10 mg/l of Fe is dosed in Slough STW each day. As stated above, only 1 mg/l of Fe (62 kg/day Fe) per day is 
required to control the odour at Slough STW. Therefore, the onsite dosing of iron chloride solution can be reduced 
from 6000kg/day to 616 kg/day.  
Figure 4 displays theoretical predictions of changes expected in Slough STW after Fe dosing is reduced to 1 
mg/l/day to reduce odour onsite. As a result of reducing iron chloride dosing the PO4-P concentrations across the 
entire site would be expected to increase (with the exception of influent, imported sludge and final effluent).The 
percentage crude sewage PO4-P entering the PST as a result of the return stream should  increase to approximately 
33.1% from an original (iron dosed) percentage of 22.3%. The expected improvements in PO4-P concentrations 
across the site will be due to the reduction in iron chloride solution dosing. Reducing the presence of iron onsite 
will lead to an increase in PO4-P, as the metal salt will no longer inhibit the hydrolysis of polyphosphates in the BNR 
and anaerobic digestion processes (Crutchik & Garrido, 2012; Ofverstrom, et al., 2011). Insoluble metal phosphates 
should no longer form leaving soluble bioavailable PO4-Pthat can be recovered as fertiliser. 
In addition to the increase observed in PO4-P concentrations onsite, a decrease in masses (based on suspended 
solids and dry solids content) across the site should occur. According to the theoretical mass balance, the sludge 
cake mass can be reduced by a maximum of 1790 kg/day (all calculations based on dry solids). According to the 
Thames Water chemical dosing systems standard the calculated reduction in chemical sludge mass would be 
approximately 1345 kg/day. Whereas calculations based on a threefold increase in mass due to chemical dosing 
should result in a  reduction of 1614 kg/day for Slough STW (Ofverstrom, et al., 2011). The theoretical reduction in 
sludge cake mass obtained from the mass balance agrees quite favourably with calculations based on data 
obtained from Ofverstrom, et al., (2011). 
5.3 Phosphorus recovery at Slough STW 
Figure 5 displays a theoretical mass balance of Slough STW showing the predicted effects of phosphorus recovery. 
Theoretically, the return stream will contribute 17.4% of PO4-P concentrations returned to the head of the works 
after the recovery of struvite fertiliser. This compares to an original return percentage of 22.3% PO4-P and a 
reduced iron dosing return percentage of 33.1% PO4-P. Britton, et al., (2009) report the phosphorus load returned 
to the head of the works can be reduced by 30%. However, the influent PO4-P concentrations to this recovery 
system averaged 550 mg/l. The higher the influent PO4-P concentration to the recovery system the greater the 
recovery rate of struvite and therefore removal of PO4-P from the return stream. Baur, et al., (2008) report a more 
modest reduction in return stream PO4-P concentrations of 24%. However, the recovery rate of PO4-P as struvite 
fertiliser averaged 95%; a reduction from 505 mg/l to 25 mg/l. Ueno & Fuji, (2001) also report a reduction in 
sidestream phosphorus load, but do not provide figures quantifying this reduction. The influent PO4-P 
concentrations to the phosphorus recovery system in Slough STW is expected to vary from 75 mg/l (minimum) to 
125 mg/l. Therefore, the reduction in PO4-P concentrations returned to the head of the works will be much lower 
than others reported. 
The percentage contribution of centrifuge centrate liquors to the return stream after phosphorus recovery will be 
approximately 25.5% compared to an original return of 69.8% and 61.7% predicted in the reduced iron dose mass 
balance. The reduction in influent phosphate concentrations will reduce the potential for struvite formation on the 
inside of pipes and pumps at Slough STW and increase the operational capacity of the site. As displayed in figure 5 
and table 3, the PO4-P concentrations across the entire network will be reduced. Values for the reduction in 
phosphorus concentrations across entire STW as a result of struvite recovery are difficult to find, as most of the 
literature focuses upon struvite recovery rates and economics of the system, rather than on the effects of struvite 
recovery on the entire STW (Booker, et al., 1999; Jaffer & Pearce, 2004; Jaffer, et al., 2002; Ueno & Fuji, 2001) 
A reduction in the struvite precipitation potential is the major reason for the installation of the phosphorus 
recovery system in Slough STW. Another reason for the recovery of phosphorus is the revenue generated from the 
sale of the struvite fertiliser and the reduction in chemical and sludge handling costs. While outside the day-to-day 
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running of the STW, a broader reason for recovery at STW is the impact of locally produced phosphate rich 
fertiliser on the global phosphorus supply chain. 
6. Further research at Slough STW 
The phosphorus recovery system will begin the production of struvite fertiliser when the PO4-P concentrations are 
deemed sufficient to allow for acceptable struvite recovery rates. The ‘realised’ effects of iron dose reduction and 
phosphorus recovery will be compared with the theoretical predictions calculated in the mass balances. The 
revenue from the struvite fertiliser will be quantified along with other onsite savings to determine the economic 
viability of phosphorus recovery. The effects of phosphorus recovery in Slough STW on a local scale will be 
determined by investigating the use of the fertiliser downstream of the STW. This will allow for the sustainability, 
in terms of social, environmental and economic impacts of this phosphorus recovery process to be evaluated.  
7. Conclusion 
Reduction of iron chloride solution dosing in Slough STW will increase the recovery rate of struvite fertiliser to 
approximately 80%. By reducing Fe dosing from 10 mg/l/day to 1 mg/l/day (sufficient to control odours), the PO4-P 
concentrations in the centrifuge centrate may increase from 62.86 ± 5.71mg/l to approximately 93.88 ± 4.27 mg/l. 
With the recovery of struvite fertiliser, ~80% of PO4-P will be removed from the return liquors stream to the head 
of the works. From an original return percentage of 22.3%, the return after phosphorus recovery will drop to 
approximately 17.4%. This reduces the PO4-P concentrations of the entire site, therefore reducing the potential for 
struvite precipitation in the pipe network and improving the operation of the site. 
Not only does the recovery of phosphorus improve the STW, but practiced on a large scale can have significant 
benefits for the global phosphorus supply chain. STW provide an ideal point source for the recovery of 
phosphorus. Recovery of phosphorus in STW can reduce dependency on few phosphate mines. A recycle loop from 
STW back to agricultural land can be created, thereby helping close the phosphorus loop. However, it is important 
to ensure the fertiliser being produced slowly releases its nutrients into soil. If recovered phosphorus is readily 
leachable from soil, pollution of water bodies in agricultural areas will be worsened and benefits for the industrial 
ecology of phosphorus are small (Clift & Shaw, 2011). 
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Highlights 
 Recovery of phosphorus as struvite fertiliser can reduce operational problems caused in STW due to 
struvite formation on the inside of pipes and pumps. 
 As a result of reduced iron chloride solution dosing sludge cake volume can be reduced by 1790 kg/day 
and provide significant cost savings. 
 Recovery of phosphorus as a struvite fertiliser can reduce return stream PO4-P concentrations from 22.3% 
to 17.4% of the influent flow. 
 This decrease in PO4-P concentration will be observed across the entire STW, resulting in reduced 
potential struvite formation across the entire STW network. 
 Recovery of phosphorus at STW as a slow release fertiliser will benefit the industrial ecology of 
phosphorus. 
 A recycle system can be created in phosphorus supply chain, helping close the phosphorus loop. 
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Figure 1: Slough STW process diagram 
 
Figure 2: Ostara’s pearl® nutrient recycling process (Ostara, 2010) 
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Figure 3: Current mass balance of Slough STW 
*Mass flow rate based on suspended solids and dry solids content 
 
Table 1 – Current concentrations of tot.P and PO4-P in Slough STW 
Stream Tot.P ± Standard Error PO4 ± Standard Error 
Crude sewage 11.73 ± 1.14 mg/l 4.52 ± 0.48 mg/l 
Settled sewage 7.23 ± 1.04 mg/l 3.59 ± 0.49 mg/l 
PST sludge out 1.3 ± 0.06%# 0.27 ± 0.11% 
PFT sludge out 1.29 ± 0.06% 0.09 ± 0.001% 
PFT liquor out 158.29 ± 52.76 mg/l 40.2 ± 2.51 mg/l 
Imports 1.38 ± 0.18% 0.28 ± 0.01% 
Final effluent 0.89 ± 0.23 mg/l 0.51 ± 0.25 mg/l 
SAS feed sludge 2.99 ± 0.35% 0.07 ± 0.007% 
SAS liquor 70.99 ± 18.26 mg/l 6.09 ± 0.61 mg/l 
SAS sludge out 3.2 ± 0.36% 0.08 ± 0.008% 
Digester feed 1.82 ± 0.12% 0.17 ± 0.008% 
Centrifuge feed 3.75 ± 0.25% 0.42 ± 0.02% 
Cake 3.39 ± 0.23% 0.04 ± 0.002% 
Centrifuge liquor 95.71 ± 20 mg/l 62.86 ± 5.71 mg/l 
PST – primary settlement tank 
PFT – picket fence thickener 
SAS – surplus activated sludge 
# %age based on dry solids 
60822 ± 1771 62412 ± 1792 61564 ± 1767 60822 ± 1771
24804 ± 3051 29460 ± 4160 7355 ± 967 381 ± 48
567 ± 60 732 ± 71 445 ± 64 54 ± 14
218 ± 26 282 ± 30 221 ± 30 31 ± 15
848 ± 25
22000 ± 3922
287 ± 14
60 ± 24 451 ± 16
17323 ± 1251
224 ± 11 99 ± 9
16 ± 0.1 3932 ± 513
126 ± 14
3 ± 0.3 587 ± 60
5374 ± 786
161 ± 19
4 ± 0.4
232 ± 20 398 ± 24 493 ± 51
8489 ± 1838 3265 ± 1274 811 ± 216
117 ± 15 63 ± 21 35 ± 9
24 ± 1 16 ± 1 3 ± 0.3 700 ± 26
579 ± 291
67 ± 14
44 ± 4
1591 ± 58 782 ± 27
4655 ± 1126 25688 ± 2113
165 ± 24 467 ± 30
LEGEND 63 ± 6 43 ± 2
Flow m
3
/day 736 ± 45 59 ± 4
Mass kg/day 13107 ± 1401 12551 ± 1370
Tot.P kg/day 492 ± 33 425 ± 29
PO4-P kg/day 55 ± 3 5 ± 0.3
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Figure 4: Theoretical mass balance after reduction of iron doing to 1 mg/l/day at Slough STW 
Assumptions 
1. Original iron chloride solution dosing = 6000 kg/day 
2. Iron chloride solution dosing reduced to 616 kg/day 
3. Centrifuge centrate liquors PO4-P = 94 mg/l 
4. Influent characteristics (flow rate, mass, tot.P and PO4-P) entering the site remain the same 
5. BNR microorganisms capable of removing phosphorus from wastewater to achieve regulatory discharge consent 
 
Table 2: Theoretical concentrations of tot.P and PO4-P after reduction of iron dosing to 1 mg/l/day at Slough STW 
Stream Tot.P ± Standard Error PO4± Standard Error 
Crude sewage 11.73 ± 0.14 mg/l 5.22 ± 0.08mg/l 
Settled sewage 7.23 ± 0.08 mg/l 4.14 ± 0.06 mg/l 
PST sludge out 1.35 ± 0.01% 0.32  ± 0.005% 
PFT sludge out 1.34 ± 0.02% 0.11 ± 0.01% 
PFT liquor out 158.29 ± 2.51 mg/l 45.23 ± 2.51 mg/l 
Imports 1.38 ± 0.18% 0.28 ± 0.01% 
Final effluent 0.89 ± 0.23 mg/l 0.51 ± 0.25 mg/l 
SAS feed sludge 46.53 ± 6.07% 8.67 ± 0.87% 
SAS liquor 70.99 ± 10.14 mg/l 46.65 ± 4.06 mg/l 
SAS sludge out 49.8 ± 6.32% 9.09 ± 0.79% 
Digester feed 2.13 ± 0.14% 0.3 ± 0.01% 
Centrifuge feed 4.4 ± 0.28% 0.74 ± 0.03% 
Cake 3.97 ± 0.26% 0.07 ± 0.01% 
Centrifuge liquor 95.31 ± 5.69 mg/l 93.88 ± 4.27 mg/l 
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PO4-P kg/day 83 ± 3 8 ± 1
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Figure 5: Theoretical mass balance showing effects of phosphate recovery at Slough STW 
Assumptions 
1. Iron chloride solution dosing reduced to 616 kg/day (1 mg/l/day). 
2. BNR process working efficiently and effectively. 
3. Centrifuge centrate liquor PO4-P concentration = 85 mg/l. 
4. 80% recovery of PO4-P, 70% recovery of tot.P. 
5. Same flow rate and mass as enters the P recovery system, leaves the P recovery system. 
6. Influent characteristics (flow rate, mass, tot.P and PO4-P) entering the site remain the same. 
7. Flow rate and mass flow of the struvite fertiliser are insignificant to have no effect on the overall flow rates and 
masses of the network. 
 
Table 3: Theoretical concentrations of tot.P and PO4-P after phosphorus recovery at Slough STW 
Stream Tot.P ± Standard Error PO4 ± Standard Error 
Crude sewage 11.01 ± 0.1 mg/l 4.23 ± 0.05mg/l 
Settled sewage 6.79 ± 0.06 mg/l 3.36 ± 0.03 mg/l 
PST sludge out 1.26 ± 0.01% 0.26  ± 0.004% 
PFT sludge out 1.25 ± 0.01% 0.09 ± 0.01% 
PFT liquor out 148.24 ± 2.51 mg/l 37.69 ± 2.51 mg/l 
Imports 1.38 ± 0.18% 0.28 ± 0.01% 
Final effluent 0.89 ± 0.23 mg/l 0.51 ± 0.25 mg/l 
SAS feed sludge 46.53 ± 6.07% 7.51 ± 0.87% 
SAS liquor 70.99 ± 10.14 mg/l 38.54 ± 4.06 mg/l 
SAS sludge out 49.8 ± 6.32% 7.51 ± 0.79% 
Digester feed 2.07 ± 0.14% 0.26 ± 0.01% 
Centrifuge feed 4.27 ± 0.28% 0.66 ± 0.03% 
Cake 3.86 ± 0.25% 0.07 ± 0.01% 
Centrifuge liquor 92.46 ± 5.69 mg/l 85.35 ± 2.84 mg/l 
P recovery liquor (return stream) 36.98 ± 2.84 mg/l 17.07 ± 1.42 mg/l 
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Appendix C – CSER Assignment 
What are the CSER Responsibilities of a Water Utility Recovering Phosphorus from Waste for 
Reuse as a Fertiliser? 
Background: Phosphorus and Phosphorus Recovery 
Phosphorus is an essential nutrient for all living organisms. However, this natural resource is not being used 
efficiently throughout the world. Unlike nitrogen which is recovered from the atmosphere, the only natural source 
of phosphorus comes from weathering of rocks (Ashley et al., 2011). There is no substitute for phosphorus; 
therefore careful stewardship and improved efficiency of use of this nutrient by stakeholders is required to avoid 
the dissipative use of phosphorus. 
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Figure 1: The Current Global Phosphorus Food Production System 
The diagram above displays the current phosphorus food production system. Mined phosphate is used to produce 
phosphate fertiliser; this is applied to land where crops take up the nutrient. This nutrient is then eaten by humans 
and the excess excreted where it flows into local wastewater treatment works (WWTW). From here, phosphorus is 
returned to the environment where much of it is lost in the bottom of oceans. Phosphorus is not being used 
efficiently in this system. If the stakeholders of this system are engaged the phosphorus food production system 
can be changed significantly. One of the major ways to change the system is to recover phosphorus as a fertiliser 
from WWTW. Phosphorus recovery from WWTW and reuse as a fertiliser practiced on a large scale can help create 
a global recycle loop of phosphorus in the environment as shown in figure 2. It must be remembered that the aim 
is to improve the efficiency of phosphorus use, it is important to ensure the phosphorus recovered as a slow 
release fertiliser. If the recovered phosphorus is readily leachable in soil, pollution of water bodies in agricultural 
areas will be worsened and the benefits for the industrial ecology of phosphorus insignificant (Clift & Shaw, 2011). 
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Figure 2: The Future Global Phosphorus Food Production Cycle 
Due to the role of WWTW in this future phosphorus cycle there are certain corporate social and environmental 
responsibilities water utilities should incorporate into their business strategy when producing fertiliser from waste. 
What CSER means for water utilities recovering phosphorus as a fertiliser 
The purpose of water utilities is to treat wastewater, removing nutrients before safely discharging back into the 
environment. The activities of water utilities are strongly linked with the environment and society. Water utilities 
have to meet their regulatory environmental discharge targets as well as financial targets. Revenue must be 
created within the company to fund innovation and improvements in water networks, sewage treatment and 
customer services. One way water utilities can create revenue is by viewing waste as a resource rather than as a 
pollutant. Sludge is the main waste produced from wastewater treatment; there are various methods to produce 
energy from sludge. Recently water utilities have begun exploring the recovery of phosphorus from waste for 
reuse as a fertiliser. This is an important innovation which affects the economies of business, the environment and 
society. CSER strategies involving all the stakeholders concerned in the phosphorus cycle is required by water 
utilities undertaking this innovation. There is a danger that undesired developments can act against true long-term 
sustainability of this innovation, e.g. public backlash against crops grown using fertiliser recovered from waste. 
CSR is used to describe business activities which consider not only the economics of business, but also the social 
and environmental areas affected by their activities. By subscribing to the concept of CSR businesses assume 
responsibilities beyond their economic and legal regulatory obligations and take responsibility for the environment 
and society affected by their business (Carroll & Shabana, 2010). In recovering phosphorus from wastewater, 
water utilities aim to meet their economic responsibilities of producing revenue for the business and their 
regulatory responsibility of removing phosphorus from wastewater. However, the water utilities must consider 
their responsibility with effects on the environment downstream of the treatment works, and also the upstream 
effects of spreading this fertiliser on agricultural land. Water utilities voluntarily considering the externalities of the 
production of phosphorus fertiliser can ensure the long term sustainability of not only the phosphorus cycle but 
also their business. Effective long term CSR propositions can be considered an efficient management strategy and 
can enhance a company’s reputation (Falck & Heblich, 2007). 
There are many stakeholders involved in the phosphorus cycle; these can be separated into those downstream and 
upstream of the water utility. Downstream of the water utility are the environment, while upstream are the 
Wastewater 
TreatmentReturn to 
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Fertiliser 
Production Fertiliser  
Application
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Food 
Consumption
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agricultural sector and consumers of food produced using this fertiliser. Spanning both down and upstream are the 
local communities affected by production and use phases of the fertiliser. Of course the water utility itself and 
shareholders are key stakeholders to consider. The CSER responsibilities of recovery of phosphorus rich fertiliser 
on each stakeholder are considered in turn in the following sections below. 
According to Falck & Heblich (2007), the business must decide if stakeholders are involved or interested in an 
issue. The importance of involved and interested stakeholders should then be evaluated based on their influence 
on the business’ cash flow. The key stakeholders have a direct connection with the business and can interfere 
significantly with the cash flow. Key stakeholders in this scenario are the shareholders of the water utility, the 
water utility itself and the agricultural sector. Consumers of food produced using this recycled fertiliser can be 
considered a key stakeholder. If the public views the practice of fertiliser produced from waste as unsafe the crops 
produced may be boycotted. Emerging stakeholders do not currently have an effect on cash flow, but this situation 
may change rapidly. The environment agency and OFWAT are emerging stakeholders; OFWAT sets regulatory 
discharge requirements for water utilities. If these discharge consents are not met these agencies can dine the 
water utilities, directly affecting the cash flow and reputation of the business. 
CSER for stakeholders 
Environment 
The purpose of WWTW is to remove nutrients from wastewater before discharging back to the environment. 
Water utilities must meet these discharge targets for environmental, social and economic reasons. Discharge 
targets for phosphorus were put in place to reduce eutrophication of water bodies. Eutrophication reduces the 
oxygen levels available in water which leads to fish mortality. These regulatory discharge targets are the first and 
most important responsibility which operators of WWTW must meet. The adherence of these regulatory targets 
comes before any phosphorus recovery initiatives on site. In addition to the environmental effects, if these targets 
are not met the water utility must pay fines to OFWAT, putting their reputation at stake. As a result of these fines 
and reputation the environment is a key stakeholder in this scenario. 
Another environmental responsibility of water utilities recovering phosphorus is to consider other essential 
nutrients such as nitrogen, potassium and sulphur (GPRI, 2012). It is senseless to potentially cause the loss of other 
nutrients while trying to recovering phosphorus. WWTW also have a role to play in the reduction of global 
warming. Pilot trials show that phosphorus recovery from WWTW results in reductions of over 50% in sulphur 
dioxide, carbon monoxide and nitrous oxide emissions and 80% lower greenhouse gas emissions when compared 
to traditional fertilisers. This comes from that fact that conventional fertiliser production processes are energy 
intensive, requiring mining, transport over long distances, thermal processes and sometimes direct combustion of 
fossil fuels (ACHS & DEFRA, 2009). In comparison, phosphorus recovery from WWTW can reduce energy 
consumption on site (energy to pump sludge around network) and waste heat from anaerobic digestion can be 
used for drying the fertiliser pellets. 
Agricultural Sector 
As mentioned previously it is important that the fertiliser produced from waste is slow release otherwise the 
pollution of agricultural water bodies will be worsened. This is a voluntary precaution carried out by the water 
utility producing the fertiliser. It is a responsible action to ensure the pollution of water bodies is not exacerbated 
by the production of their fertiliser. This precaution has little to do with the economics of the business and more to 
do with the environmental and social aspects of phosphorus recovery.  
The promotion of phosphorus recovery must provide systemic benefits for the whole cycle rather than just for the 
water utility (GPRI, 2012). Innovation in the industry must be guided by a more complete understanding of the 
industrial ecology of phosphorus, i.e. the uses of the fertiliser produced should be considered (Clift & Shaw, 2011). 
Only 15-20% of total phosphorus in a plant comes directly from fertiliser applied to the crop, the rest comes from 
soil reserves (Liu et al., 2008). Responsibility can be shared between water utilities and the agricultural sector to 
ensure this slow release fertiliser is applied efficiently. In the 20th century farmers in western countries were 
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advised to add more than double the amount of phosphorus required by a crop (Liu et al., 2008). (It was assumed 
calcium, iron and aluminium caused phosphorus to become permanently unavailable to crops (Liu et al., 2008)). 
This inefficient system can be changed by working together to achieve the best from the phosphorus fertiliser.  
The phosphorus recovery technology being used by Thames Water can vary the size of fertiliser pellets being 
produced. In this way the specific needs of the user are attended to (e.g. smaller sized pellets are produced for use 
on golf courses so the pellets fall in between blade of grass, reducing the effect upon the golfers). This displays 
how collaborative innovation can be used between the producers and users to ensure the improved efficiency of 
fertiliser use. By considering the user of the recovered phosphorus fertiliser, the water utility can ensure the 
fitness for purpose of their product. This can build the reputation of the business for meeting the needs of users 
and the ultimate needs for the environment.  
As the fertiliser is produced from waste it is the responsibility of the water utility and the agricultural sector to 
educate the local community about the resource being used. Waste application to land has a bad public 
perception. There is a social responsibility to ensure the public know the product is safe for application and will 
have no adverse effects on their health. 
Consumers 
Vigilance for the safety of the phosphorus fertiliser is required to monitor the possible contamination of the food 
chain by reuse of anthropogenic nutrients on arable land. However, the levels of heavy metals in fertiliser 
produced from sewage are less than those found in other commercial phosphorus fertilisers (ACHS & DEFRA, 
2009). Similarly to the agriculture sector above, ensuring the public know the recovered phosphorus is safe for 
land application is an imperative of social responsibility planning. Water utilities can work with the agricultural 
sector to educate and ensure consumers know that the crops grown using the fertiliser are safe and free from 
harmful pathogens and heavy metals. 
Community/Society 
Sludge application on agricultural land has become unpopular from a social perspective as communities are over 
concerned with health risks (ACHS & DEFRA, 2009). The negative public perception of wastewater and sludge can 
prevent new management pathways from being invented and implemented. It is the responsibility of all 
stakeholders in the new phosphorus cycle to educate society on the need for recovery of phosphorus, the safety of 
the product and the benefits of recovery. It is the responsibility of all stakeholders to maximise knowledge transfer 
and communication between stakeholders and sectors. In this way the stigma of wastewater reuse and recovery of 
resources can be reduced paving the way for further future innovations. 
Water Utility 
Along with ensuring the economic benefits of phosphorus recovery, water utilities have the responsibility to 
protect the externalities affected by their actions. Water utilities have a corporate, social and environmental 
responsibility to continually update their attitude towards sustainable development. They can begin this by 
viewing waste as a valuable resource rather than as a pollutant. This can be achieved by incorporating phosphorus 
research and development into their business strategy. It is important that sustainability and green engineering 
are considered when developing or contracting new phosphorus recovery technologies. Green engineering is the 
“utilization of technology that improves or is highly compatible with the environment, eliminates or minimizes 
secondary environmental impacts, and minimizes the costs of implementation” (Randall, 2003). This thinking 
should be at the heart of all phosphorus recovery technologies. While environmental thinking is important, the 
recovery of phosphorus from WWTW must have economic benefits for the water utility. 
Further to CSER based within the business, water utilities can on a policy level, be instrumental in encouraging the 
implementation of national legislation that provides incentives for sustainable phosphorus use (GPRI, 2012). Using 
CSER strategies, the water utility can contribute to society’s basic order, changing social trends and enhance the 
business’ reputation (Falck & Heblich, 2007). 
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Shareholders 
In a bottom-up approach, employees of the water utility concerned with phosphorus recovery can help educate 
the stakeholders of the business, managers in particular, as to the meaning of sustainable development and CSER 
for the business (Randall, 2003). The business can take advantage of a social trend towards phosphorus recovery 
and establish themselves at the vanguard of a major resource issue. 
Conclusion 
Dahlsrud (2008) compiled a list of five dimensions of CSR based on the content of 37 various definitions of CSR. 
These five dimensions are: 
- stakeholder dimension 
- social dimension 
- economic dimension 
- voluntariness dimension 
- environmental dimension. 
Examining the impacts of recovering phosphorus from waste as a fertiliser, it is clear all five dimensions are 
required to create an effective business strategy for water utilities recovering phosphorus for reuse as a fertiliser. 
While ensuring the economic benefits of recovery, water utilities must take on the voluntary responsibility of 
ensuring the product has no adverse effects on the environment and society. These responsibilities must be taken 
on all while considering the effects on the stakeholders, both key and emerging.  
The CSER strategy must be context specific for each activity being undertaken by water utilities. Thames Water 
Utilities state in their corporate responsibility and sustainability policy that they will “remain flexible and adaptable 
to deliver essential services in what is an uncertain future, balancing environmental, social and economic needs.” 
This is a broad statement of CSER strategy, but it is felt that scenario specific CSER strategies should be created for 
each business activity. Dahlsrud (2008), states that business specific CSR strategies should be produced. However, 
in the context of a large business aiming to meet the demands of 13 million customers, one CSER business strategy 
may not suffice. This is especially true when the various responsibilities of the business for the different 
stakeholders are discussed. No activities undertaken by the business will be the same or will have the same 
economic, environmental and social responsibilities for stakeholders. Individual targeted CSER strategies for each 
project should be created; this will help build the business’ reputation.  
According to the stakeholder theory approach, consideration of externalities from actions and their effects on 
stakeholders is critical to a business’ continued sustainable success. In the context of recovering phosphorus for 
reuse as a fertiliser, a targeted and adaptable CSER strategy can ensure the reputation and sustainable 
development of the business. The creation of this strategy can also ensure the sustainability and successful 
implementation of the future phosphorus cycle. 
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Appendix D – Monthly Updates 
Monthly Update - November 2012 
1. Changed test schedules to analyse soluble Ca, Mg, Fe, Na, K, Al and Mn for all liquor samples. 
2. Collected and centrifuged sludge samples to obtain PO4 numbers for mass balance. Added these numbers to 
the mass balance. 
3. Working on changing mass balance to close the system. Will try using percentages rather than absolute values 
(January). 
4. Calculated confidence limits, 95%ile and 5%ile for sample data, new figures inputted to mass balance. 
5. Met with Pete Thomas to discuss how to reduce iron dosing on site. Sent sampling data to help make 
decisions. 
6. Met with new Slough site manager to discuss reduction of iron dosing, refurbishment of BNR, Ostara operator. 
Will send mass balance showing effects of reduced iron dosing on sludges and final effluent. 
7. Met Rhonda and Derek from Ostara to track progress, offer support. 
8. Organised meeting to discuss Ostara recovery system operator. 
9. Learning BioWin software. 
10. Wrote conference report. 
11. Volunteered as lab liaison for wastewater processes team. 
12. Wrote SHE4 (H&S) forms for upcoming ash experiments. 
13. Collected data on energy consumption in Slough STW. 
14. Sampled Slough STW, organised more bottles and storage space. 
15. Fixed error in label printing – changed test schedules. 
16. Conducted SEM ash sample analysis in UoS. 
17. Prepared for supervisor meeting. 
18. Supervisor meeting. 
19. Day in UoS for Wales experiential follow up. 
20. Liaised with French placement student. 
21. Wastewater processes team meeting. 
22. 1-2-1 with Eve (line manager). 
23. 1-2-1 with Rupert (head of Innovation). 
24. Innovation meeting. 
 
Monthly Update December 2012 
1. CSER (Corporate social and environmental responsibility) pre-module assignment. Usually we receive an email 
3 weeks before the module letting us know there is a pre-module assignment. However, this time no one 
received an email so we all assumed there was no assignment. We eventually found out there was an 
assignment 3 days before the module and so only had a few days to complete the pre-reading and 
assignment. The issue has been raised with Chris France, hopefully assignments will be marked with this issue 
in mind. 
2. CSER module. Learned about ethical, social, environmental and economic issues involved with sustainability 
management. Plenty of case studies and discussions. One of the best modules we have attended so far. 
3. CSER post-module assignment. “What are the roles and business strategies of the key stakeholders in the 
phosphorus food production supply chain?”. I asked Walter Wehrmeyer if I could choose my own topic for the 
post-module assignment and write about something to do with CSER and phosphorus. This was the title we 
decided upon. The assignment is due January 21st. 
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4. Meeting to discuss the running of the Ostara system. The operation and maintenance will be left upon already 
overworked site operations people. We are trying to get some specifically to work on the operation of the 
Ostara system. 
5. Will prepare predictive mass balance and report on ferrous chloride dosing to convince Slough site manager to 
reduce iron dosing in January. 
6. Entered “SET for Britain” poster competition. Poster competition will be held in the House of Commons on the 
18th of March. Closing date for applications is the 24th of December. Cash prizes for winners of up to £3000. 
http://www.setforbritain.org.uk/index.asp.  
7. Organised a meeting with Jess Rowden (UoS researcher in phosphorus ERIE centre) and Paul who has 
completed an EngD in CES and is now researching phosphorus. Jess is looking at phosphorus flows in the UK 
on the mathematics side of things. Meeting is the 8th of January in UoS.  
8. Wrote project description for 6 month placement student and emailed to people who can forward to good 
chemical engineering universities in France. Also have put the ad up on this University website 
http://employer.surrey.prospects.ac.uk/. The ad will appear on the 7th of January. I have attached the project 
description so you can forward it to anyone/anywhere you think would be useful. Ideally I want someone for 6 
months from latest March 2013. 
9. Worked on mass balance more. It is balancing now, i.e. total P input = total P output. I calculated 5%ile and 
95%ile confidence limits for the sampling data in kg/day. Any sampling data outliers are omitted from the 
average and further calculations for TP mass flows. Using these numbers the masses across the entire WWTW 
were calculated. As masses change during the calculations I ensured the new modified mass numbers still lied 
within the 5% and 95% confidence limits. 
10. After this process I calculated 5% and 95%ile confidence limits for the measured flows in the WWTW. In order 
to achieve a balanced mass balance I altered these flows ensuring they still lied within these limits. 
11. Devendra suggested adding carbon and nitrogen flows, I will do this in January. Shouldn’t be as difficult as 
getting P to balance. Will also turn everything into percentages to make analysis simpler. 
12. Will begin 2 page abstract for the ICheme special edition journal. Roland, am I supposed to receive an email or 
letter from ICheme? Also where can I get guidelines on layout, etc.? 
13. Interested in completing an elective module: “Water Resources Management”. Since this is organised by 
Jonathan can you send relevant course information, maybe a timetable with specific lecture titles/content? 
14. I’ll be in the University on the 8th of January, I was thinking of visiting supervisors individually before my 
meeting with Jess. Let me know if you are around or not on that day. 
Merry Christmas and Happy New Year! 
 
Monthly Update January 2013 
1. Iron dosing report for Slough STW site manager. Wrote this report detailing the benefits of reduction in iron 
doing at Slough STW, e.g. chemical costs savings, reduction in sludge cake volume. Backed up numbers using 
predictive mass balance showing effects of reduction of iron dosing to 1 mg/l. She was reluctant to allow the 
reduction at first, but has now allowed a 10% reduction. Hoping to have this reduced more soon. 
2. Iron dosing reduced on site – more sampling. 
3. Working on predictive mass balance. Predictive mass balance showing effects of iron dosing reduced by 10% 
and to 1 mg/l (Done). Predictive mass balance showing effects of P recovery (working on). 
4. Percentage TP and PO4 flows on site. Showing split of TP in processes and %age recycle of TP and PO4 to 
head of works. Can show the reduced %age of TP and PO4 returned to head of works after P recovery. 
5. Outline for PSEP journal. Written an outline for what I would put into an article for the PSEP (Process Safety 
and Environmental Protection) special edition journal from Vancouver conference. (outline attached) 
6. Met with Jess Rowden and others in ERIE department in UoS. Discussed our research (they are mostly 
focused on global P issues and policies). Will continue contact and hopefully can line up some collaborations. 
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7. Met student to help with ash experiments. Her name is Naiara; she is doing the MSc water and 
environmental engineering. The ash experiments will be part of her MSc dissertation. She will start 4th of 
March part time until June after which she will be full time. 
8. Corporate Social and Environmental Responsibility post-module assignment submitted 21st January. “What 
are the CSER responsibilities of a water utility recovering phosphorus from waste for reuse as a fertiliser?” 
Wondering if I can turn this into a journal paper as I have not come across anything like this. 
9. Environmental Auditing and Management Systems pre-module assignment due Monday 28th. 
10. Improving written communications workshop with Thames Water. Mostly work report writing focused but 
can apply to dissertations, literature reviews too. 
11. WWP team meeting and 1-2-1 with line manager. 
12. Meeting with Spencer House lab people to discuss the finer aspects of giving samples to the lab to process. 
13. Visit to Culham Centre for Fusion Energy in Oxford Friday 25th January. 
Next supervisor meeting Wednesday 6th February at 12.30 pm in EngD Room (39AA03) 
 
Monthly Update February 2013 
1. Attended Environmental auditing and management systems (EAMS) module (28th January – 1st February). 
2. Environmental auditing and management systems post-module assignment done (due 4th March). 
3. PSEP draft paper written and sent on to supervisors for comments. Awaiting comments will adjust and resend 
after changes received. Paper due 15th March. 
4. Predictive mass balance showing effects of iron reduction and P recovery in Slough STW done. 
5. Continuing Slough STW sampling. Lowering of iron concentrations across network, slight gradual increase in 
PO4 concentrations.  
6. Collected results from recent sampling and forwarded to everyone involved in the project to assure that iron 
dose reduction has helped with PO4 concentrations, final effluent is meeting discharge consent, but further 
PO4 concentration increase is required. 
7. Normal distribution and histograms plotted for SS and tot.P for each sample set. Will need extra help with 
this. 
8. Met with Devendra to explain procedure of the bio-P removal tests.  
9. Sorted out most things for the tests, requires nitrogen gas source (cylinders ordered, brackets to hold upright 
against wall fixed), air source, acetate as carbon source and equipment.  
10. H&S forms for the bio-P removal tests and COSHH forms for chemicals filled out sent to H&S assessor in 
Thames. 
11. Sorted out new sample point codes and samples analysis of bio-P samples for Spencer House labs. 
12. Take activated (BNR) sludge sample, create anaerobic phase in the lab by removing NO3 by bubbling nitrogen 
through sample and using acetate as carbon source. PO4 concentrations are measured every 5-10 minutes for 
2 hours. Then aerobic phase is created by bubbling air through the sample, again PO4 measured every 5-10 
minutes for 2 hours. Samples measured both in the lab using Merck test kits and sending samples to Spencer 
House. Idea is to plot a graph showing PO4 versus time to show release and uptake of PO4 by bacteria. This 
can show how long it takes bacteria to reach optimum P removal over time in BNR. 
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13. Met Chris France after last supervisor meeting to help sort out the student (Naiara). He has allowed for my 
Thames Water fund managed by the University to be used to pay Naiara. Naiara received email from Sarah 
Butcher about bank details so everything is sorted out now. Must sort out induction and H&S. 
14. “Getting Published” workshop on Thursday 1st March in University of Surrey library. 
 
Monthly Update March 2013 
1. Submitted EAMS post-module assignment. 
2. Achieved 74% for CSER post-module assignment. 
3. Attended algae for nutrient removal presentation - small scale start-up company by previous PhD students. 
Interesting concept, but still in early stages. 
4. Meeting in Slough STW to discuss requirement to fix BNR mixers and recirculation pumps, attended to 
provide technical details on the running of the Ostara system and improvement of PO4-P concentrations – 
part fix (i.e. fixing one mixer in two lanes, as well as recirculation pumps and redoming) has been agreed to. 
5. Emailed everyone involved with Slough STW Ostara system results from sampling of centrifuge centrate. The 
Ostara reactor 30 day trial will begin when two consecutive PO4-P concentrations above 75 mg/l are achieved 
(so far 74 mg/l followed by 71 mg/l have been achieved) 
6. Recalculated log distribution of sampling data – not very useful. Calculated sample size and samples error for 
samples. 
7. Recalculated mass balance to include standard errors. Ran into problems when calculating this manually as 
standard errors ended up larger than the original value itself. 
8. Spoke to others in the office and someone came up with the idea of calculating the mass balance with 
maximum/minimum flows and masses, then calculating the difference to achieve a range of values for the 
mass balance. 
9. Calculated ranges for data in current and both predictive mass balances. 
10. Worked on PSEP paper to incorporate changes suggested by supervisors – 4th draft was sent on Wednesday 
27th March. Would ideally like to submit on Friday 5th April. 
11. Must decide upon 4 (or 2) referees for the PSEP paper with supervisors – meeting on Thursday morning (4th 
April)?? 
12. Sorted out everything for the bio-P test – ordered N2 gas, ensured all equipment was available, rewrote 
shorted procedure and checklist for test, created sample points and test schedule for analysis in Spencer 
House. 
13. Carried out 3 bio-P tests – 2 worked well, 1 not so well. Will repeat fortnightly. 
14. Organising a meeting with DGGE lab to discuss analysis provided, cost, minimum volumes needed and age of 
sludge samples. 
15. MSc student, Naiara, started in Thames – sorted out ID, H&S, project requirements and aims. 
16. Meeting with myself, Naiara and Pete P to discuss what we want and steps to take. 
17. Meeting with myself, Naiara and Nick S to discuss exactly how to carry out the experiments, solutions 
needed, etc. 
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18. Naiara sorted out buffer solutions needed for the experiment to fix pH values (pH versus PO4-P graph) – I may 
need to order some chemicals. 
19. We will meet with Spencer House people to discuss minimum volumes required for analysis. 
20. Wrote 18 month report and is now emailed to supervisors. Due 4th March. 
Next Supervisor Meeting Tuesday 23rd April, 2 pm @ Slough STW 
 
Twenty-four Month Report 
Summary 
Background 
Phosphorus is an essential nutrient for all living organisms; it is also a non-renewable resource. The world is reliant 
on China, Morocco and the USA for phosphate fertiliser supply. The three “phosphate giants” combined control 
over two-thirds of the world’s reserves of phosphate rock. As the population booms, phosphorus use in the form 
of fertiliser will increase dramatically. However, the global phosphorus cycle is a “leaky” inefficient supply chain. 
Phosphorus is lost through erosion, leaching, crop and post-harvest distribution losses. The UK is reliant on 
phosphate rock imports for food production; a total of 138 kt P/year is imported. Phosphorus recovery from waste 
can help alleviate reliance on imported phosphate and reduce vulnerability to fluctuating prices. This EngD project 
investigates the possibilities for improving phosphorus efficiency in the economy through phosphorus recovery 
from waste and the production of inorganic fertilisers. 
Objectives 
The project aims to monitor and investigate all stages in the installation of a phosphorus recovery system in a 
sewage treatment works (STW) to improve the efficiency and profitability of the system. This is achieved through 
analysis of mass balances and microorganism activity. Following the establishment of the phosphorus recovery 
system, the effects of recovery on the site and the environment will be examined using mass balances, life cycle 
assessment and market analysis to further improve efficiency and understanding of phosphorus recovery.  
Another project aim is to develop a novel method for the recovery of phosphorus from incinerated sewage sludge 
ash (ISSA). Current practices for recovery from ISSA are energy intensive and require high levels of acids. A novel 
process for recovery of phosphorus from ISSA will be developed using waste streams in adapted forms. These two 
aspects of the project work together to improve the understanding of and influence the methods used to recover 
phosphorus from waste. 
Outcomes 
There has been little published research on the installation of a full scale phosphorus recovery system and the 
effects on a STW and the environment after its establishment. This research project can be used to improve the 
installation phase of other phosphorus recovery systems, increasing the efficiency of phosphorus recovery and 
increasing profitability. 
Developing a novel process for phosphorus recovery from ISSA will have the impact of providing a new less energy 
and acid intensive method for recovering phosphorus from ISSA. 
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Publications 
Early outcomes of this project have been presented at the IChemE Sustainability Symposium and the “Minerals for 
Life: Overcoming Resource Constraints” conference hosted by the Mineralogical Society. One research paper is in 
preparation to be submitted to a peer reviewed journal. This paper entitled “Integration of a Phosphorus Recovery 
System in a Municipal Wastewater Treatment Plant: A Case Study of Slough Sewage Treatment Works, UK” will be 
submitted to Bioresource Technology. The paper describes the results of research designed to explore, using a 
mass balance approach, the changes that would occur at a municipal STW once iron chloride dosing is reduced and 
phosphorus recovery begins. This paper presents theoretical mass balances depicting the site before and after iron 
chloride dosing is reduced and phosphorus recovery begins. The theoretical cost savings and economics of the 
system will be explored. 
Following the establishment of phosphorus recovery system, another paper will be written and submitted to 
Water Research. It is intended that this paper be a follow up to the journal publication presented by Jaffer et al. in 
2002, entitled “Potential Phosphorus Recovery by Struvite Formation”. Jaffer et al.’s (2002) paper concluded that 
Slough STW operations can benefit from phosphorus recovery and the stream best suited to recovery was 
identified. The new paper to be written will advance the mass balance presented by Jaffer et al. (2002) and 
describe the effects of phosphorus recovery on the site using mass balances and present the savings achieved and 
revenue produced by running the system. 
Alongside the mass balances, biological methods were used to describe the changes occurring in Slough STW as a 
result of reduced iron chloride dosing and phosphorus recovery. It is expected that as iron chloride dosing is 
reduced, the capacity of microorganisms to remove phosphorus from wastewater will improve. This expectation is 
being monitored through DNA sequencing and bio-P experiments. When sufficient results are achieved, an 
additional journal paper will be written. As this is collaborative research conducted with Department of Microbial 
and Cellular Sciences in the University of Surrey, it is expected that two papers will be published in two different 
areas of research. 
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Chapter 1: Introduction 
 
1.1 Introduction 
Phosphorus is an essential nutrient for all living organisms; it is contained in our bones, teeth and DNA (Ashley et 
al., 2011). Phosphorus particularly in the form of P2O5, is critical for fertiliser used in agriculture (King, 2010). 
However, phosphorus is a non-renewable resource which has no substitutes in the environment. There is growing 
concern over the future of phosphate rock reserves, especially as the world’s population grows (Ashley et al., 
2011). The world’s cultivated areas cannot be increased; therefore phosphorus fertiliser application must expand 
drastically (Franz, 2008). The UK imports a total of 138 kt P/year, while exports amount to 23.5 kt P/year resulting 
in a net import of approximately 114.5 kt P/year. This demonstrates the UK food production system is heavily 
reliant on imported phosphorus and therefore vulnerable to rising phosphate rock prices (Cooper & Carliell-
Marquet, 2013). Phosphorus recovery from waste can help alleviate reliance on imported phosphate and reduce 
vulnerability to fluctuating prices. This EngD project investigates the possibilities for improving phosphorus 
efficiency in the economy through phosphorus recovery from waste and the production of inorganic fertilisers. 
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Figure 0.30: UK Imports & Exports of Phosphorus (Cooper & Carliell-Marquet, 2013) 
 
 
Reports suggest phosphorus rock reserves will be completely depleted in 100 years while others report peak 
phosphorus production will occur as early as 2035 (Cordell et al., 2011; Cooper & Carliell-Marquet, 2013). While 
there is debate over the lifetime of phosphorus rock reserves, it is clear that the remaining known reserves are 
lower in phosphorus concentration (%P2O5), higher in contaminants and more difficult to access in increasingly 
environmental and culturally sensitive areas (Ashley et al., 2011). In order to meet the demand for phosphate 
fertiliser, phosphorus recovery from wastewater treatment works (WWTW) is ideal (see section 0). Phosphorus 
found in wastewaters arise from human excrement, food wastes, dishwasher detergents, laundry detergents 
(although this is being phased out), industrial and commercial discharges (Barnard, 2007). According to Cooper & 
Carliell-Marquet’s (2013) recent substance flow analysis (Figure 0.31), UK WWTW received 55 kt of phosphorus 
from wastewaters in 2009. WWTW represent the largest losses of phosphorus to UK waters amounting to 57% of 
total losses to water bodies. Therefore it is suggested that emphasis should be placed on phosphorus recovery 
from WWTW (Cooper & Carliell-Marquet, 2013). If not intentionally recovered, phosphorus ends up in non-
agricultural land (dumping of manure), landfills (sewage sludge), incinerator ash and eventually building materials, 
or is permanently lost in the sediments of water bodies (Cordell et al., 2011).  
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Figure 0.31: Phosphorus Flows In/Out of WWTW in the UK [Adapted from Cooper & Carliell-Marquet (2013)] 
 
In discussions of phosphorus scarcity, eutrophication is usually raised as a related concern. In order to reduce the 
eutrophication of water bodies, the Urban Waste Water Treatment Directive was introduced which sets obligatory 
final effluent phosphorus discharge targets for WWTW (Doyle & Parsons, 2002). As a result of these phosphorus 
discharge consents, sludge and ash now contain greater concentrations of phosphorus. Using appropriate 
technologies this phosphorus can be harvested and a phosphate rich fertiliser produced. 
According to Guest et al. (2009), a paradigm shift is required to focus not on what must be removed from 
wastewater, rather on what can be recovered from wastewater. This paradigm shift encapsulates the need to 
change the view of wastes as a pollutant, but rather as a resource. Phosphorus in the form of struvite 
(MgNH4PO4.6(H2O)) is one such pollutant which should be recovered as a useful resource. Struvite is a naturally 
occurring compound in WWTW that causes operational problems. However, struvite can also be regarded as a 
valuable resource in that it can be the basis of a slow-release phosphate-rich fertiliser. Recovering phosphorus as a 
struvite fertiliser can help alleviate dependence on the few phosphate reserves in the world and ensure that the 
world’s booming population’s dietary needs can be met more easily. 
1.2 Struvite 
Equation 0.1:  𝑴𝒈𝟐+ + 𝑵𝑯𝟒
+ + 𝑷𝑶𝟒
𝟑− + 𝟔. 𝑯𝟐𝑶 → 𝑴𝒈𝑵𝑯𝟒𝑷𝑶𝟒. 𝟔(𝑯𝟐𝑶) 
Struvite is a white crystalline substance composed of magnesium ammonium phosphate (MAP) in equi-molar 
concentrations. Struvite forms according to the equation above. Struvite precipitation is controlled by pH, 
temperature, degree of supersaturation and the presence of other ions such as calcium. As a result of removing 
nutrients from wastewater, waste sludge contains greater concentrations of phosphorus, nitrogen and magnesium 
(Doyle & Parsons, 2002). These ions found in combination, particularly in biological nutrient removal (BNR) 
processes can result in the formation of struvite deposits (Doyle & Parsons, 2002). Turbulent, rough surfaces such 
as pipes, pumps, centrifuges and aerators are prone to struvite fouling. The blockage of pipes due to struvite 
reduces the pipe diameter; more energy is therefore required to pump the sludge through the pipework. The time 
taken to move the sludge increases significantly, reducing the capacity of the plant. In extreme cases, the only 
feasible option is to replace the pipework. This is not only a disruptive solution but also very expensive (Doyle & 
Parsons, 2002). Phosphorus may be recovered from waste as a calcium phosphate. However, struvite is favoured 
over calcium phosphate as the nutrients are released at a slower rate (Bhuiyan et al., 2008).  The essential 
nutrients for plant growth phosphorus, nitrogen and magnesium are precipitated simultaneously into the struvite 
fertiliser (Bhuiyan et al., 2008). 
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1.3 Drivers for P Recovery 
Figure 0.32: Drivers for Phosphorus Recovery 
 
 
 
• Increasing phosphate prices will make recovery more commercially viable
•Opportunity for WWTW to create revenue from waste sludge & ash (Jaffer et al., 
2002)
•Reduce operational problems and associated costs onsite
1. Economic
•As the population grows, fertiliser application must increase dramatically to meet 
dietary requirements (Franz, 2008)
2. Population Boom
• Locally sourced phosphate fertilisers reduces dependence on few phosphate 
reserves and increase security of phosphorus supply (Cooper & Carliell-Marquet, 
2013)
3. Market fragility
• Possible incentivisation of phosphorus recovery by the EU
• Compliance with effluent standards can be more easily met (Jaffer et al., 2002)
4. Regulatory
• Closing the phosphorus loop regionally (Cordell et al., 2011)
• Slow release fertiliser can improve the efficiency of the global phosphorus food 
production system (Claft & Shaw, 2011)
5. Resource issues
• Removal of phosphorus into a slow release fertiliser can help reduce 
eutrophication (Cordell et al., 2011)
6. Environmental
• Reduction in nuisance factor of struvite precipitation (Cordell et al., 2011)
• Reduction of P loads to the BNR plant can improve its capacity (Jaffer et al., 2002)
7. Operational
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1.3.1 Economic 
• Increasing phosphate prices will make recovery more commercially viable 
• Opportunity for WWTW to create revenue from waste sludge liquors and ash 
• Reduce operational problems and associated costs onsite 
As the global population grows, phosphorus demand and therefore prices will continue to increase. At the 
beginning of this research project (September 2010) the world spot price for phosphate rock was £80/tonne and 
has since increased to £103/tonne (July 2013) (based on data from IndexMundi (2013)). The phosphate price peak 
in 2008 was explained by the low fertiliser inventory in the US at the beginning of the 2008 planting season. The 
low phosphate inventories resulted from occurred by a large increase in fertiliser use in 2007 as wheat and corn 
planting expanded. Low fertiliser inventories, coupled with an inability to quickly increase fertiliser production and 
supply in response to the amplified fertiliser demand, contributed to the phosphate price peak in 2008 (Huang, 
2009). A price peak like this can be alleviated to an extent if phosphorus is locally produced using waste as a 
resource. 
Figure 0.33: Phosphate Rock Prices 1995 – 2013 (IndexMundi, 2013) 
 
Phosphorus recovery from waste allows WWTW to create a revenue from an otherwise unused resource. Section 0 
outlines the improved operational capacity of STW as a result of recovering phosphorus. 
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1.3.2 Population Boom 
• As the population grows, fertiliser application must increase dramatically to meet dietary requirements 
Figure 0.34: World Consumption of Phosphate (Greenpeace, 2012) 
 
It is estimated that consumption of phosphate will increase as the world’s population grows to 9 billion people by 
2050. The increasing population, coupled with changing diets, has led the FAO to predict a 70% increase in food 
demand by 2050 (European Commission, 2013). Rising demand for bio-energy crops will further increase 
phosphate fertiliser inputs (Greenpeace, 2012). Since expansion of cultivated land cannot meet this demand, 
fertiliser application must increase dramatically to meet the dietary needs of the population. This highlights the 
pressing need to find methods for recovering phosphorus from waste. 
1.3.3 Market Fragility 
• Locally sourced phosphate fertilisers reduce dependence on the few large phosphate reserves and 
increase security of phosphorus supply 
China, Morocco and the U.S. together control over two-thirds of the world’s reserves of phosphate rock, with 
Morocco controlling a major portion of 77% of the two-thirds (Cooper & Carliell-Marquet, 2013). Recovering 
phosphorus from waste can reduce dependence on these few phosphate mines. Diversifying the supply of 
phosphate fertiliser will improve resilience to future price instability (European Commission, 2013).  
1.3.4 Regulatory 
• Possible incentivisation of phosphorus recovery by the EU  
• Compliance with effluent standards can be more easily met  
While there are as yet no incentives for the recovery of phosphorus in the EU, it is expected that phosphorus 
recovery will become a regulation in WWTW. In Sweden, a national target was set which states that “by 2015, at 
least 60% of phosphorus compounds present in wastewater will be recovered for use on productive land” 
(European Commission, 2013). 
Controlling struvite formation reduces the concentrations of phosphate returning to the head of the works. The 
factor of safety in biological phosphorus removal is improved, allowing the site to meet phosphate effluent 
discharge consents more easily (Bilyk et al., 2011).  
1.3.5 Resource Issues 
• Closing the phosphorus loop regionally 
•  Slow release fertiliser can improve the efficiency of the global phosphorus food production system 
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Figure 0.35: Sankey Diagram of Global Phosphorus Flows in the  Agricultural Sector [Adapted from Clift & Shaw (2011)] 
 
The Sankey diagram conveys the huge inefficiencies of the current phosphorus usage system. Nearly 90% of 
phosphorus input to the system is lost before reaching the food product (Clift & Shaw, 2011). By creating a slow 
release fertiliser from WWTW and applying this to land on a large scale, a recycle loop can be created in the 
phosphorus supply chain. However, this is only a small way to reduce the dissipation of phosphorus. The 
production of recovered slow release fertilisers can help avoid the loss of phosphorus in the food production 
system by leaching. Slow release fertilisers have low leach rates, slowly releasing nutrients during the growing 
seasons (De-Bashan & Bashan, 2004). 
1.3.6 Environmental 
• Removal of phosphorus into a slow release fertiliser can help reduce eutrophication 
It is important that phosphate is recovered as a slow release fertiliser. This ensures that plants take up as much 
nutrient as is required and do not become over-saturated with nutrients. If recovered or recycled phosphorus is 
readily leachable from soil, pollution of water bodies in agricultural areas will be worsened and benefits for the 
industrial ecology of phosphorus are small (Clift & Shaw, 2011). Section 0 discussed that recovering phosphorus 
into a fertiliser can help WWTW to meet final effluent discharge consents more easily. 
1.3.7 Operational 
• Reduction in nuisance factor of struvite precipitation 
 
Figure 0.36: Digested Sludge Pipe with Struvite Formation (Jaffer and Pearce, 2003) 
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The recovery of phosphorus reduces the amount being sent to the head of the treatment works in side streams 
and sludge liquors, improving the BNR process capacity. Phosphorus recovery has been noted to reduce sludge 
volumes by as much as 49% according to Doyle & Parsons (2002).  
 
1.4 Dissertation Outline 
Figure 0.37: Outline of Dissertation 
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Chapter 2: Slough STW Background 
2.1 Struvite Problems at Slough STW 
 
Slough STW serves a population equivalent (PE) of approximately 238,000. A significant proportion of this PE is 
industry, including food packaging and confectionary producers. Slough STW also accepts imported sludge from 
other smaller Thames Water STW located nearby.  Originally, Slough STW treated wastewater by the biological 
uptake and removal of nutrients in a BNR process (Jaffer & Pearce, 2004). By alternating conditions between a 
carbon-rich anaerobic phase followed by a carbon-poor aerobic phase, a metabolic cycle is induced in 
microorganisms. In the anaerobic phase microbes deplete organic matter and carbon from the wastewater and 
release phosphate. When the conditions are changed to aerobic, the microorganism populations increase to take 
up more phosphate than originally released during the anaerobic phase. Using this method phosphorus is removed 
from wastewater to meet regulatory discharge consents. The activated sludge produced after the BNR process is 
rich in phosphate (Wentzel et al., 2008). Following the BNR process, the wasted activated sludge in Slough STW is 
anaerobically digested. Anaerobic digestion of BNR sludge releases high quantities of magnesium and phosphate, 
which coupled with high concentrations of ammonium in wastewater make conditions ideal for the formation of 
struvite (Jaffer et al., 2002).  
However, within six months of commissioning the BNR plant, Slough STW suffered problems with struvite 
precipitation. The pipeline between the digested sludge holding tank and centrifuge, in particular the centrate 
lines and pumps had become restricted to such an extent that it was no longer possible to transfer sludge to the 
centrifuge for dewatering (Jaffer et al., 2002). The anaerobic digestion of sludges solubilises magnesium, 
ammonium and phosphate and results in the formation of struvite (Ofverstrom et al., 2011). In order to suppress 
phosphate release in the BNR process FeCl2 is dosed into the head of the works immediately prior to the aeration 
phase of the BNR process. During the anaerobic phase of BNR, polyphosphates and organic phosphorus are 
converted to orthophosphate (Brett et al., 1997). However, it has been reported that the addition of metal salts 
inhibits the hydrolysis of polyphosphates and reduces BNR capability. Iron ions in solution react with phosphate 
producing insoluble metal phosphates (Crutchik & Garrido, 2012). The metal salt precipitates phosphorus into 
sludge, thereby removing the potential for struvite formation in the digester (De-Bashan & Bashan, 2004). In 
Slough STW iron dosing supplements the BNR process in meeting regulatory discharge consents.  
In research carried out by Jaffer et al., (2002) and Jaffer & Pearce (2004) in Slough STW, it was recognised that 
phosphorus recovered in the form of struvite is a commercially viable product. Following from this Ostara were 
contracted to install their Pearl® nutrient recycling process in Slough STW. By displacing phosphorus from the 
network into a struvite fertiliser, the phosphorus returned to the head of the works is significantly reduced. This 
reduces the potential for struvite formation inside pumps and pipes of the network, reducing the energy and 
maintenance effort required onsite. An important step in the recovery of phosphorus in this site is to reduce the 
iron chloride solution dosing onsite. By reducing iron chloride dosing the PO4-P concentrations found in the 
network will increase, as orthophosphate will no longer be bound as an insoluble metal phosphate. 
2.2 Struvite Solutions using Ostara Nutrient Recovery Facility 
The Pearl® process produces the slow nutrient release fertiliser Crystal Green®. Crystal Green is completely 
inorganic, high purity and pathogen-free. Crystal Green also contains beneficial magnesium for plant growth and is 
an environmentally sustainable product.  
 
 
2.2 Struvite Solutions Using Ostara Nutrient Recovery Facility
2.1 Struvite Problems at Slough STW
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Figure 0.38: Crystal Green Fertiliser (University of British Columbia, 2009) 
 
Ostara’s Pearl Nutrient Recycling Process initiates and controls struvite precipitation within an upflow fluidised bed 
reactor. Struvite consists of a matrix of magnesium, ammonium and phosphate (MAP), which forms when each of 
these minerals is present in solution and the saturation point exceeded. When one or two of these precipitants is 
added the remaining compound is removed from the solution and struvite forms. In municipal sewage treatment 
plants magnesium is the limiting nutrient, therefore this is added to the liquors to balance the phosphorus 
concentration (Ostara, 2010). The precipitation of struvite is heavily influenced by the pH. Slight variations in pH 
cause significant changes to struvite constituent ions leading to more or less favourable struvite precipitation. The 
proportion of ammonium ion (NH4-) depends on equilibrium with ammonia (NH3) which varies markedly with pH 
(Bhuiyan, et al., 2008). The Ostara Pearl process operates at a pH between 8-8.2. 
Figure 0.39: Ostara’s Pearl Nutrient Recycling Facility - Process Diagram (Ostara, 2010) 
    
Sludge dewatering liquors enter the reactor from the bottom and move up through increasingly larger reactive 
zones. Here magnesium is dosed to facilitate the crystallisation of struvite. The diameter changes causes turbulent 
eddies to occur at each transition, ensuring sufficient mixing in the reactor and helping classify the particles by size 
(Bhuiyan et al., 2008). A partial recycle stream is returned to the base of the reactor to ensure suspension of 
particles in the reactor. The recycle stream also allows for control over reaction rates and upflow velocity. The 
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resulting struvite is harvested from the reactor, dried and packaged onsite (Cordell et al., 2011).  The rate of 
struvite formation is controlled so a high quality process with desired qualities (size, hardness, purity, etc.) is 
formed. The struvite produced by the Pearl process is sold as a premium quality fertiliser called Crystal Green. 
Figure 0.40: Cross Section of Ostara Pearl Prills 
 
The Ostara Pearl process is self-seeding and produces pellets which can be grown to any size required dictated by 
customers typically 0.5-3mm (Ostara, 2010). The process is similar to the formation of pearls by oysters; layer 
upon layer of material form on a small nucleus particle. A cross section of the fertiliser “prills” are shown in Figure 3 
above. 
 
Chapter 3: Literature Review 
 
3.1 Methods of Recovering Phosphorus at WWTW 
There are numerous methods available for recovering phosphorus from the waste products of wastewater 
treatment: wastewater, sewage sludge and incinerated sewage sludge ash (ISSA). Three common techniques for 
phosphorus recovery; crystallisation & precipitation, wet chemical treatment and thermo-chemical treatment. 
These processes are described in appendix A. The table below provides a review of the current technologies used 
to recover phosphorus at WWTW. 
 
3.5 Effect of Iron Dosing on WWTW
3.4 Mass Balances
3.3 Industrial Struvite Precipitation from Digested Sewage Sludge Centrate
3.2 Optimisation of Struvite Precipitation from Digested Sewage Sludge Centrate
3.1 Methods of Recovering Phosphorus at WWTW
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Table 0.4: Phosphorus Recovery Technologies 
Technology Process Final Product % P Recovery Limitations Retrofit? References 
Recovery from Wastewater 
Rim-Nut (Rem-
Nut) 
Ion exchange, 
precipitation 
Struvite Up to 95% NaCl is needed to regenerate resins; phosphate 
and magnesium salts may be required to 
precipitate struvite; complex process requires 
high operation skills 
Tertiary process only; 
Retrofit possible depending on 
specific site situation 
Karapinar, (2009); Woods et al., 
(2013); Nieminen, (2010); 
Environment Agency, (2012) 
Ostara Precipitation Struvite 80-90% PO4 > 75 mg/l is required to achieve economic 
recovery of struvite 
Easy to retrofit Ostara, (2010; Environment 
Agency, (2012) 
Crystalactor Calcium phosphate Calcium phosphate 70-75% Requires readily available lime to raise pH; 
frequent injection of seed material is required as 
grains become part of final product 
Add-on process, does not require 
significant changes to sludge 
handling processes 
Woods et al., (2013; Nieminen, 
(2010; Environment Agency, 
(2012) 
Recovery from Sewage Sludge 
Krepro Thermal hydrolysis, 
acid leaching, 
precipitation 
Ferric phosphate ~75% Process produces iron phosphate which is 
thought to be unavailable for plant growth 
Site-specific retrofitting Kemira Kemwater, (2001); 
Nieminen, (2010); Environment 
Agency, (2012) 
PhoStrip Precipitation Calcium phosphate, 
struvite 
60-65% N/A Add-on process, does not require 
significant changes to sludge 
handling processes; used mainly in 
non-nitrifying WWTW 
Levlin & Hultman, (March 
2003; Environment Agency, 
(2012) 
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While there are many methods available to recover phosphorus from wastewater, sludge and ISSA, many of these 
options are unattractive in terms of sustainability. Most of the processes produce waste which must be landfilled 
or incinerated. Other processes require high energy and acid addition making them uneconomical. Crystallisation 
processes are preferred as they achieve high phosphorus removal and recover phosphorus as useful product, i.e. 
struvite or calcium phosphate. However, struvite is favoured over calcium phosphate as the nutrients are released 
at a slower rate.  The essential nutrients for plant growth phosphorus, nitrogen and magnesium are precipitated 
simultaneously into the struvite fertiliser (Bhuiyan, et al., 2008). 
3.2 Optimisation of Struvite Precipitation from Digested Sewage Sludge Centrate 
There have been many bench scale and pilot scale studies into struvite precipitation from digested sewage sludge 
centrate (Guney et al., 2008; Bhuiyan et al., 2008; Battistoni et al., 2001; Pastor et al., 2010; Turker & Celen, 2007 
and Marti et al., 2010); the useful aspects of the research for the full scale research being conducted in this project 
are summarised in Table 3.2. Most of the published research focuses on determining optimum conditions such as 
pH, mixing conditions and magnesium sources (Pratt et al., 2012), lying outside the scope of this project since the 
optimum conditions for phosphorus recovery at Slough STW have been determined by Ostara. However, the 
phosphorus recovery efficiencies will be examined by this research project.  
Table 0.5: Summary of Optimisation of Struvite Precipitation from Digested Sewage Sludge Centrate 
Size of Plant Type of Plant Aim of Research Reference 
Bench-scale, half-
scale pilot 
Fluidised bed 
reactor 
Compare results on phosphorus crystallisation with respect to 
crystallisation efficiency, pH, seed material, etc. 
Battistoni et al. 
(2001) 
Batch-reactor Magnetically stirred 
reactor 
Development of second order kinetic model to predict the rate 
of NH4+ removal as struvite 
Turker & Celen 
(2007) 
Pilot-scale Fluidised bed 
reactor 
Predict precipitation potential of struvite, identification of 
factors affecting struvite crystallisation 
Bhuiyan et al. 
(2008) 
Pilot-plant Stirred tank reactor Influence of supernatant characteristics and calcium 
concentrations on struvite precipitation 
Pastor et al. 
(2010) 
Pilot-plant Stirred tank reactor Influence of sludge treatment on phosphorus recovery by 
struvite crystallisation 
Marti et al., 
(2010) 
 
Battistoni et al. (2001) investigated the precipitation of struvite from real anaerobic supernatant. They developed a 
phosphorus removal technique using exclusively the chemical physical properties of the anaerobic supernatant, 
i.e. without the addition of chemicals. It was found that the removal of phosphorus does not require the addition 
of alkali reagents, as struvite can form at a lower pH than HAP. A phosphorus removal efficiency of 80% was 
reported. Various equations were utilised to analyse the efficiency of the system; the formulae relevant for the 
current research are detailed below. 
 Crystallisation (recovery) efficiency (η × 100) 
Equation 0.2: 𝜂% =  
(𝑃𝑂4𝑡𝑜𝑡 𝑖𝑛− 𝑃𝑂4𝑡𝑜𝑡 𝑜𝑢𝑡)
𝑃𝑂4𝑡𝑜𝑡 𝑖𝑛
× 100 
 Precipitation efficiency (Xf %) 
Equation 0.3: 𝑋𝑓% =  
(𝑃𝑂4𝑡𝑜𝑡 𝑜𝑢𝑡−𝑃𝑂4𝑠𝑜𝑙 𝑜𝑢𝑡)
𝑃𝑂4𝑡𝑜𝑡 𝑖𝑛
× 100 
 Phosphate conversion (X %) 
Equation 0.4: 𝑋% =  𝜂% + 𝑋𝑓% =  
(𝑃𝑂4𝑡𝑜𝑡 𝑖𝑛−𝑃𝑂4𝑠𝑜𝑙 𝑜𝑢𝑡)
𝑃𝑂4𝑡𝑜𝑡 𝑖𝑛
× 100 
 Crystallisation percentage of PO4-MAP on total removed PO4 
Equation 0.5: 𝑃𝑂4 − 𝑀𝐴𝑃% =  
(𝑀𝑔𝑖𝑛−𝑀𝑔𝑜𝑢𝑡)𝑚𝑜𝑙
(𝑃𝑂4𝑡𝑜𝑡 𝑖𝑛−𝑃𝑂4𝑡𝑜𝑡 𝑜𝑢𝑡)𝑚𝑜𝑙
× 100 
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These formulae in direct or adapted form may be used during this research project to monitor the phosphorus 
recovery efficiencies of the Ostara reactor operating in Slough STW.  
Bhuiyan et al. (2008) created a pilot-scale fluidised bed reactor to recover phosphorus through struvite 
crystallisation from digested sludge centrate. The pilot-scale sized reactor was built to predict the precipitation 
potential of struvite by calculating the saturation index. Phosphate removal efficiencies of 75-85% were reported 
after adjusting the various parameters. The phosphate removal efficiency (%) was calculated using the difference 
between the influent and effluent PO4 concentrations. The mass of struvite produced was calculated using the 
formula below. 
Equation 0.6: 𝑆𝑡𝑟𝑢𝑣𝑖𝑡𝑒 𝑚𝑎𝑠𝑠 (𝑘𝑔 𝑑𝑎𝑦⁄ ) = 𝑄. ∆𝐶𝑃𝑂4. 𝑀𝑊𝑠 , 
where, Q = total flow into the reactor (L/day), ΔCPO4 = decrease in phosphate concentrations (mol/L) and MWs = 
molecular weight of struvite (0.2454 kg/mol).  
This formula may be useful in this research project to determine the theoretical mass of struvite formed in the 
Ostara reactor. However, it requires an accurate flow measurement, and this may not be possible at Slough STW.  
According to Bhuiyan et al. (2008), the TOC levels in the reactor affect the performance to “some extent, perhaps 
by inhibiting the crystal growth”. This offers a research gap to study what effect, if any, TOC has upon struvite 
precipitation performance. Following this suggestion, TOC analysis will be added to the sampling regime in Slough 
STW. 
Pastor et al. (2010) examined the influence of calcium concentrations in the influent feed on struvite formation 
and recovery efficiencies: high calcium concentrations increased the amount of phosphorus lost with the 
effluent,as less phosphorus was precipitated as struvite with amorphous calcium phosphate (ACP) formed 
preferentially. Also, high concentrations of calcium reduce struvite crystal size and inhibit its growth. In earlier 
research it was found that at a Ca:Mg molar ratio of 0.5 ACP precipitated on the struvite surface. Pastor et al. 
(2010) established mass balances to check which precipitates were formed in the reactor: at molar ratio >1 ACP 
formed, preventing the formation of struvite. While the determination of which precipitates are formed is not an 
objective of the current research, the effect of the presence of calcium on struvite precipitation efficiency will be 
monitored. Pastor et al. (2010), state that it is necessary to conduct a mass balance of the anaerobic digestion plus 
crystallisation process to evaluate the significance of the recycling process on struvite recovery rates. The current 
research project will address this recommendation and extend the mass balance to cover the entire Slough STW. 
3.3 Industrial Struvite Precipitation from Digested Sewage Sludge Centrate 
The literature discussed in the previous section is concerned with the endeavours of researchers to optimise the 
struvite recovery processes. This literature is useful in determining factors which should be considered when 
viewing the effect at full scale of parameters such as calcium concentrations and total organic carbon (TOC). The 
literature summarised in Table 3.3 describes research which is more focused on an industrial setting. 
Table 0.6: Summary of Industrial Struvite Precipitation from Digested Sewage Sludge Centrate 
Technology Location P Removal NH4 
Removal 
Aim of Research Reference 
Sidestream 
struvite 
crystallisation 
reactor 
Shimane Prefecture 
Lake Shinji East 
Clean Centre, Japan 
90% 
(minimum) 
n/a Provide three years of experience on operating 
a full scale phosphorus recover reactor 
Ueno & 
Fuji (2001) 
Ostara Edmonton’s Gold 
Bar WWTP, USA 
71% 15% Demonstrate the system can cost effectively 
recover 75% of PO4 from sludge lagoon 
supernatant; LCA of separate wastewater 
treatment and fertiliser production compared 
with integrated struvite recovery at WWTW 
Britton et 
al. (2005) 
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Ostara,  
Metal salts 
Nansemond 
Treatment Plant, 
USA 
80% 42% Process implications and economic evaluation 
of struvite recovery process, comparing struvite 
recovery to continued use of ferric chloride for 
phosphate precipitation 
Britton et 
al. (2009) 
Ostara, 
Multiform 
Harvest 
Nansemond 
Treatment Plant, 
USA 
80-90%, 
80-90% 
25%, 
25% 
Case studies to illustrate the economic and 
process benefits of sidestream treatment for 
nitrogen and phosphorus removal 
Bilyk et al. 
(2011) 
Ostara,  
Metal salts 
Central and South 
District Wastewater 
Treatment Plants, 
Miami-Dade, USA 
86%,  
76% 
6%,  
1.1% 
Evaluation of struvite control and recovery 
using metal salts and Ostara for two case study 
WWTW sites  
Vadiveloo 
et al. 
(2012) 
 
The earliest available literature reporting experiences of full scale phosphorus recovery at a WWTW is by Ueno & 
Fuji (2001), covering three years of experience operating and selling recovered struvite from a full-scale 
installation. According to Ueno & Fuji (2001), their reasons for the installation were to: 
1. Lower effluent phosphorus concentrations by reducing the phosphorus load returned to the head of the 
works; 
2. Reduce the amount of chemical coagulants used, which will in turn reduce the volume of sludge 
produced; 
3. Produce a phosphorus rich material which could be used by the fertiliser industry. 
These motivations are consistent with the reasons for the installation of the Ostara recovery system in Slough 
STW. In relation to the first, Ueno & Fuji report that 70% of the phosphorus load entering the sewage works is due 
to the sidestreams; struvite production reduced the phosphorus load in the sidestream returned to the head of the 
works but the reduction is not quantified. This is a clear research area which can be improved upon by the current 
research project. With regards to the second reason for recovery, it was not reported if the chemical coagulant 
was reduced and if this in turn reduced the volume of sludge produced. 
Britton et al. (2005) describe the pilot results obtained from an Ostara struvite recovery system at Edmonton’s 
Gold Bar WWTP. A small part of the research aimed to demonstrate that the system can cost effectively recover 
75% of soluble phosphorus from sludge lagoon supernatant. Expanding from results of the pilot trial, it is possible 
to estimate the impacts of full-scale phosphorus recovery at the Gold Bar WWTP. The full-scale reactor would treat 
20% of the supernatant stream. The effects of full-scale recovery were outlined: 
 20% reduction in phosphate load; 
 5% reduction in ammonia load; 
 Increased wastewater alkalinity due to caustic addition; 
 Decreased alkalinity demand during nitrification due to reduced ammonia load; 
 Reduction or potential elimination of struvite scale in pipelines. 
It has not been reported if these effects have occurred in the Gold Bar WWTP. 
Britton et al. (2009) tested a pilot of the Ostara reactor at Nansemond WWTW, USA. This is one of very few studies 
which detailed the flows of phosphorus (in mg/l) prior to the installation of the recovery system but, while the flow 
diagram depicts the flows of phosphorus, the changes resulting from recovery are not described. The centrate 
phosphorus load to the head of the works is calculated as 37%. By recovering phosphorus as struvite, it is 
suggested the load can be reduced by over 30%, but this has not been proven. The reduction in phosphorus and 
ammonia load is said to improve the phosphorus removal capacity and reduce demand for readily biodegradable 
COD (rbCOD) for phosphate accumulating organisms (PAO), allowing more rbCOD to become available for 
denitrification. The reduced ammonia load is expected to increase nitrification capacity and reduce effluent total 
nitrogen but no confirmation of these effects has been reported. This is another area which this research project 
can address. 
 Sustainable P Recovery from Waste  Appendix D – Twenty-four Month Report 
D-140 
 
Figure 0.41: Nansemond WWTW Total Phosphorus Concentrations at Various Locations in the Treatment Process (Britton, et 
al., 2009) 
Similar to Slough STW, Nansemond WWTW suffered challenges with ferric salt dosing onsite. In order to maintain 
regulatory final effluent discharge compliance, ferric salts were dosed in the secondary clarifiers. This has the 
result of significantly reducing influent PO4 concentrations from 650 mg/l to 140 mg/l. The PO4 concentration 
increased steadily, eventually exceeding 500 mg/l after the ferric dosing had been stopped for three weeks. This is 
a similar time scale to that generally required in Slough STW for reduced iron dosing in the centrate to take effect. 
Figure 3.2 does not show the iron concentrations over time, it merely displays the date at which the iron dosing 
was reduced and only displays phosphorus concentrations. A more robust method is to measure the iron 
concentration constantly to provide a clear link between reduced iron concentrations and increased phosphate 
concentrations. 
 
Figure 0.42: Pilot Influent and Effluent PO4-P Concentrations (Britton, et al., 2009) 
Following Britton et al. (2009), independent analysis of the benefits of phosphorus recovery to the plant was 
carried out by consultants Hazen and Sawyer, who analysed the economic and process benefits of the Ostara and 
Multiform phosphorus recovery processes and alum coagulant dosing  (Bilyk et.al., 2011). 
Multiform Harvest is similar to the Ostara process, also using a fluidised bed reactor. However, the struvite 
product is less refined; it is collected wet from the plant and sold on a secondary market (Bilyk et al., 2011). Among 
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other research, Bilyk et al. (2011) produced a table detailing the capital, operating and net present worth for 
scenarios in which Ostara, Multiform Harvest and alum dosing are utilised at two different plants. The results are 
listed in the table below. 
Table 0.7: Ostara, Multiform Harvest & Alum Present Worth Costs (Bilyk et al., 2011) 
 Ostara Multiform Harvest Alum Dosing 
Plant A B A B A B 
Capital Costs $4,071,500 $4,371,500 $1,081,000 $1,381,000 - $690,000 
Operating Costs -$14,281 -$35,958 $47,900 $47,900 $180,400 $324,800 
Present Worth Cost $3,894,000 $3,924,000 $1,678,000 $1,978,000 $2,249,000 $4,738,000 
 
Although alum has the lowest initial capital costs, over a 20 year period it is not as cost effective as struvite 
precipitation. The elevated Ostara cost over Multiform Harvest includes the construction of a new building at each 
facility, which accounts for a large proportion of the capital costs. A new building is required at each plant A & B to 
house the Ostara reactor and its recirculation pumps, drying and bagging equipment. While the Multiform Harvest 
reactor is small enough to be housed in an existing building onsite. Due to Multiform’s business model of 
producing unrefined struvite which is blended and sold in secondary markets, a dryer and classifier is not required. 
In contrast, the Ostara product is more refined than the Multiform product, to make these more refined crystals, 
the liquid stream is recycled through the reactor multiple times, allowing maximum removal of phosphate. While 
in the Multiform reactor, the liquid stream is run through the reactor once before being returned to the head of 
the WWTW. Costs savings compared against alum dosing include; chemical cost savings, less sludge production, 
less methanol and oxygen demand in the BNR process (Bilyk et al., 2011). A similar table to this can be created 
showing the economics of phosphorus recovery at Slough STW versus continued FeCl2 dosing. 
Similar to Slough STW, Miami-Dade Water and Sewer’s Department (MDWASD) has encountered problems with 
struvite precipitation in their Central and South District Wastewater Treatment Plants. Currently, again similar to 
Slough STW, MDWASD is adding ferric sulphate (Fe2(SO4)3) to the centrifuge influent line as a short term measure 
to reduce struvite precipitation issues. The solution has been recognised as costly, with ferric sulphate costs 
amounting to an estimated $47,000 per month (Vadiveloo et al., 2012). It is unclear what parameters were used to 
determine this estimated cost per month when using ferric sulphate dosing, i.e. sludge handling. Vadiveloo et al. 
(2012) created mass balances of five different scenarios for each plant under investigation using BioWin software. 
These mass balances were not made available in the paper. The three relevant mass balances (for this research 
project) addressed the following scenarios: 
1. No struvite precipitation and no control strategy; 
2. Struvite precipitation, but no control strategy; 
3. Ostara treatment of centrate (85% removal of PO4 from centrate). 
It was found that of the struvite reduction strategies, treatment of the sidestream using the Ostara process 
reduced struvite precipitation by >40%. Vadiveloo et al. (2012) found that the simulations were very sensitive to 
EBPR activity. It was strongly recommended that special sampling of EBPR activity, Mg and P and solids be 
conducted to verify and calibrate the BioWin model. These parameters are already being monitored by this 
research project. This would allow for more accurate and detailed evaluation of struvite control strategies to be 
produced. Vadiveloo et al. (2012) listed the benefits and drawbacks of removing phosphorus using the Ostara 
system compared to using ferric salts to control its formation. The relative advantages and disadvantages are 
detailed in the table below. A similar table can be constructed describing the advantages and disadvantages of 
struvite and FeCl2 precipitation at Slough STW. 
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Table 0.8: Advantages & Disadvantages of Long Term Struvite precipitation Alternatives (Vadiveloo et al., 2012) 
Long Term Alternatives Advantages Disadvantages 
Ferric Addition Lowest capital cost Highest 20 year present worth cost 
Operator familiarity Increased phosphorus concentrations in 
biosolids which can reduce land application 
potential 
Can improve centrifuge solids capture H&S issues due to chemical handling 
Ostara Pearl Lowest 20 year net present worth cost Highest capital cost 
Lowest operations and maintenance costs Larger footprint 
Lower phosphorus concentrations in biosolids 
which can increase land application potential 
New chemicals needed 
Sustainable solution, conserving finite natural 
resources 
Ferric cannot be used to improve solids 
capture rate 
 
3.4 Mass Balances 
Much of this research project continues on from research conducted by Yasmin Jaffer for Thames Water Utilities 
Ltd. in 2000-2002. A significant piece of literature published by Jaffer et al. (2002) described the potential 
phosphorus recovery by struvite formation, using Slough STW as a case study. In the paper, a mass balance of 
Slough STW was created to identify which streams would be most suitable for the recovery of phosphorus as 
struvite. The centrifuge centrate stream was identified as the most suitable for struvite recovery. The composition 
of the centrate stream at the time of publication is shown in the table below. It should be noted that the 
characteristics of the centrifuge centrate have changed since the time Jaffer et al.’s (2002) paper was published. 
Most notably, phosphate and magnesium concentrations have decreased significantly, which would in turn reduce 
the struvite precipitation potential (SPP) of the centrate stream. The change in characteristics is due to a change in 
influent sewage as a result of changing industrial activities in Slough and an increase in iron dosing to control 
struvite precipitation onsite. 
Table 0.9: 2002 Average Centrifuge Centrate Concentrations at Slough STW (Jaffer et al., 2002) 
 Total P 
(mg/l) 
PO4-P 
(mg/l) 
Mg 
(mg/l) 
NH4  
(mg/l) 
Ca 
(mg/l) 
Alkalinity 
(mg/l) 
pH SPP  
(mg/l) 
Jaffer et al. (2002) 167 94.9 44 615 56 2580 7.6 140 
Current characteristics 95 ↓ 62 ↓ 28 ↓ 705 ↑ 138 ↑ 2753 ↑ 7.8 ↑ N/A 
SPP – struvite precipitation potential 
The mass balance produced by Jaffer et al. (2002) below displays the flows of phosphorus, magnesium and 
ammonium at Slough STW. The area where the concentrations of these three components are highest corresponds 
to the area where struvite precipitation is most likely to occur. Jaffer et al. identified the centrifuge centrate 
stream as an ideal point to recover struvite. This stream contains the highest soluble phosphorus concentrations 
and positive struvite precipitation potential (SPP) when comparing the ionic product of solution to the solubility 
product of struvite. Jaffer et al. report that 95% of the total phosphorus could be removed from the centrifuge 
centrate as struvite. This percentage is based on bench-scale experiments. It is yet to be seen if the full scale 
Ostara reactor will achieve this predicted percentage phosphate removal. 
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Figure 0.43: Mass Balance of Phosphorus, Ammonia & Magnesium at Slough STW (Jaffer et al., 2002) 
 
According to Jaffer et al.’s (2002) mass balance, 26% of the phosphorus and 20% of magnesium entering the works 
is due return liquors. This value has certainly changed over eleven years of operation. The 2002 mass balance must 
be updated to depict the changes experienced onsite after the eleven year period. This mass balance is no longer 
relevant to describe accurately the movement of phosphorus and other material around the site. 
Mass balances completed on real WWTW are difficult to find in the literature, with the two most relevant being 
Jaffer et al. (2002) and Barat et al., (2009). Barat et al. (2009) created mass balances of a STW to locate sources of 
struvite precipitation and its causes. Similar to Slough STW, the Spanish WWTW operates a BNR process to remove 
phosphorus from wastewater. The plant operators have constantly found problems with struvite precipitation in 
the sludge line, especially at anaerobic digestion and post-digestion processes. The aim of this paper was to locate 
the sources of struvite precipitation and its causes by producing mass balances of the site. While the entire site 
was sampled to input data into the mass balance, the site was only sampled four times in two weeks. This data is 
not comprehensive enough to thoroughly describe the workings of a WWTW. It was concluded that precipitation 
problems were mainly found at the digestion stage. This is a fact which has been widely acknowledged as early as 
1939 and again highlighted in 1963 (Doyle & Parsons, 2002). However, other information provided in this paper 
will be useful in creating mass balances of Slough STW. Many assumptions were made by Barat et al. to perform 
their mass balances, these are listed below: 
 Phosphorus stored as poly-P is hydrolysed during anaerobic digestion; 
 During poly-P hydrolysis, release of phosphorus is followed by the release of potassium and magnesium at 
the same ratio as phosphorus uptake; 
 There is no chemical fixation of potassium released in the digester due to the high concentrations of 
ammonium. In cases of low ammonium potassium struvite may form instead of ammonia struvite. (Values 
for high and low ammonia concentrations are not detailed.) 
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3.5 Effect of Iron Dosing on WWTW 
Chemical and biological processes are the most common methods used to remove phosphorus from wastewater. 
Chemical processes involve the incorporation of phosphate into a solid and the subsequent removal of the solid 
(Metcalf & Eddy, 2003). Enhanced biological phosphorus removal (EBPR) is a wastewater treatment based on the 
selective enrichment of bacteria accumulating polyphosphate into their cells (De-Bashan & Bashan, 2004). FeCl2 is 
a common chemical coagulant used to remove soluble phosphorus into an insoluble phosphorus compound that is 
precipitated into sludge. Using chemical coagulation, it is possible to obtain a clear effluent free from suspended 
matter (Metcalf & Eddy, 2003). While this is an effective method for the removal of phosphorus from wastewater, 
there are certain drawbacks. Chemical phosphorus removal can produce as much as three times more sludge than 
an un-dosed site (Ofverstrom et al., 2011). Lees et al. (2001) report that chemical dosing increased sludge mass by 
35-45% when dosing directly into the secondary tank. This phenomenon will be investigated by the current 
research, as Slough STW is being slowly weaned off FeCl2 dosing. In biological treatment, microorganisms oxidise 
dissolved and particulate carbonaceous organic matter into simple end products and biomass. To remove 
phosphorus, the growth of bacteria with the ability to take up and store large amounts of inorganic phosphate is 
encouraged (Metcalf & Eddy, 2003). EBPR involves microbial metabolic cycling, which is created by switching 
between an initial carbon-rich anaerobic phase followed by a carbon-poor aerobic phase. EBPR is attributed to 
PAOs, mainly bacteria which have been identified by many researchers discussed in the following section.  
When metal salt precipitation is used to remove phosphorus from sludge an insoluble metal bound phosphate, 
(e.g. FePO4) is precipitated which is generally biologically unavailable to plants for growth (De-Bashan & Bashan, 
2004; Rittmann et al., 2011a; Booker et al., 1999). Phosphorus is more easily recovered from sludge resulting from 
biological processes, as the phosphorus is available in a form suitable for the formation of struvite (i.e. PO4). Lees 
et al. (2001) found that in general, an increase in metal ion concentration led to a decrease in VSS%, indicating a 
decrease in active biomass. Other authors cited by Lees et al. (2001) state that alum coagulant dosing decrease 
species diversity in sludge. Biological wastewater treatment requires a diverse mix of species for complete 
degradation. A diverse species indicates the health of the sludge and its nutrient removal capacity. Species 
diversity and richness must be examined, as high diversity often only indicates a high level of heterogeneity. De-
Bashan & Bashan (2004) state that a better understanding of processes and microbial communities involved in 
EBPR is required to improve phosphorus removal (and recovery) technologies. 
 
Chapter 4: Scope and Objectives 
 
4.1 Scope and Objectives 
This research project is focused upon the sustainable recovery of phosphorus from waste; specifically sewage 
sludge and incinerated sewage sludge ash (ISSA) remaining after wastewater treatment. This project aims to 
monitor and investigate all stages in the installation of a phosphorus recovery system in a STW to improve the 
efficiency and profitability of the system. This is achieved through analysis of mass balances and microorganism 
activity. Following the establishment of the phosphorus recovery system, the effects of recovery on the site and 
the environment will be examined using mass balances and market analysis to further improve efficiency and 
understanding of phosphorus recovery. Another project aim is to develop a novel method for the recovery of 
4.2 Specific Objectives
4.2.1 Phosphorus Recovery at Slough STW 4.2.2 Phosphorus Recovery from Sewage Sludge Ash
4.1 Scope & Objectives
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phosphorus from ISSA. These two aspects of the project work together to improve the understanding of and 
influence the methods used to recover phosphorus from waste. The objectives of this research project are to: 
1. Provide a better understanding of the integration of a phosphorus recovery system in Slough STW 
through the use of mass balances. 
2. Investigate and describe the impacts of reduced iron chloride solution dosing on Slough STW network, 
through the use of mass balances and experiments focused on biological processes. 
3. Investigate and describe the impacts of phosphorus recovery on Slough STW network, through the use of 
mass balances and experiments focused on biological processes. 
4. Analyse and quantify the benefits and drawbacks of installing a phosphorus recovery system in a STW. 
5. Investigate the sustainability of phosphorus recovery from WWTW compared to alternative sources of 
phosphorus (i.e. phosphate rock). 
6. Investigate the characteristics and morphology of ISSA to determine optimum pH and liquid/solid ratios 
ideal for removal and recovery of phosphorus and other metals (such as Fe and Al) 
7. Develop of a novel, cost efficient technique for the removal and recovery of phosphorus from ISSA. 
 
4.2 Specific Objectives 
The objectives of the research project are listed above, described below are the more specific objectives of the 
project. Those in the green boxes have been achieved during the initial two years of the project. Items listed in 
orange boxes are in progress, while objectives in the red boxes must still be achieved in the final two years of the 
project. The objectives are separated into the two distinct areas of research; phosphorus recovery at Slough STW 
and phosphorus recovery from ISSA. 
4.2.1 Phosphorus Recovery at Slough STW 
 
Figure 0.44: Objectives and Work Flow Chart for P Recovery at Slough STW 
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Pre-P Recovery: Understanding - Complete 
i. Produce mass balance of Slough STW depicting movement of solids and phosphorus throughout 
the STW network. 
ii. Using the current mass balance develop a theoretical mass balance describing the changes 
expected in Slough STW network after iron chloride solution dosing is reduced. 
iii. Following the production of a reduced iron dosing mass balance, produce a mass balance 
depicting the expected effects of phosphorus recovery on Slough STW. 
iv. Write journal paper “Integration of a Phosphorus Recovery System in a Municipal Wastewater 
Treatment Plant: A Case Study of Slough Sewage Treatment Works, UK” 
Pre-P Recovery: Reducing Iron Dosing – In Progress 
i. Determine the effects of reduced iron chloride dosing on the microorganisms responsible for 
phosphorus removal in Slough STW, by conducting bio-P experiment fortnightly. 
ii. Weekly samples of activated sludge are analysed using sequencing analysis to determine the 
effects of reduced FeCl2 solution dosing on microorganisms responsible for biological removal of 
phosphorus from wastewater. 
iii. Produce updated mass balance describing actual effects of reduced iron chloride solution 
dosing. 
iv. Compare the theoretical reduced iron dosing mass balance produced in Pre-P Recovery: 
Understanding against actual reduced iron dosing mass balance calculated from sampling onsite. 
v. Write a paper detailing the changes experienced onsite when iron chloride solution dosing is 
reduced, as found through bio-P experiments, DGGE analysis and mass balances. 
P Recovery: Start Up – In Progress 
i. A mass balance of the site with phosphorus recovery operating will be produced using sampling 
data. 
ii. The theoretical mass balance produced in the first stage will be compared to the actual 
phosphorus recovery mass balance produced using real data from sampling. 
iii. A journal paper will be written for submission to Water Research. This paper will provide a view 
of Slough STW ten years after the initial problem and solution to struvite precipitation was 
identified. 
P Recovery: Established – Future Research 
i. There may be opportunity to study the downstream use of the struvite fertiliser by interviewing 
the consumers and their motivations for using this fertiliser. Market analysis comparing the 
current cost of phosphate fertiliser and struvite fertiliser will be conducted also. 
ii. With market analysis, another paper may be produced as there has been no research comparing 
recovered struvite fertiliser against traditional imported fertiliser. 
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4.2.2 Phosphorus Recovery from Sewage Sludge Ash 
 
Figure 0.45: Objectives and Work Flow Chart for P Recovery from ISSA 
Understanding 
i. Develop understanding on the elemental content of ashes through laboratory analysis. 
ii. Conduct experiments using distilled water and carbonated water to determine the water solubility of 
ISSA. 
iii. Conduct SEM analysis to understand the composition of ISSA samples. 
 
Optimising Parameters 
i. Conduct experiments using buffer solutions to determine the solubility of phosphorus in ISSA at 
specific pH values. 
ii. Determine the optimum pH required to release phosphorus from ash into solution. 
iii. Determine the optimum liquid/solid ratio required to release phosphorus from ash into solution. 
(Optimum is based on highest phosphorus removal concentrations with lowest associated metals removal 
concentrations into solution). 
Continuation 
i. Following on from findings of the MSc dissertation, novel and more sustainable methods of achieving 
optimum pH will be researched. 
ii. The experimental trials using ISSA will continue. 
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Chapter 5: Methodology 
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5.1 Gantt Chart 
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5.2 Slough STW: Mass Balances 
Mass balances allow changes in unit operations e.g. recovering phosphorus, to be assessed and changes in related 
units to be depicted clearly (Wentzel, et al., 2006). In order to create mass balances of Slough STW sludge/liquor 
samples and flow data information is required. Flows (m3/day), mass (kg/day), total phosphorus (kg/day) and 
phosphate (PO4) (kg/day) are modelled in the mass balances of Slough STW. 
To understand the effects of reducing iron chloride solution dosing and recovering phosphorus in Slough STW, 
three mass balances have been produced thus far. The first describes the current state of Slough STW before any 
changes occurred onsite. The second predicts changes onsite after iron chloride solution dosing is reduced. The 
third mass balance predicts changes expected after phosphorus recovery is established onsite. A further two yet to 
be produced; one showing the actual effects of reduced iron dosing and the other showing the actual effects of 
phosphorus recovery onsite. Once the final two mass balances have been completed, the theoretical and actual 
mass balances will be compared in order to determine better in future the effects of reduced iron dosing and 
recovering phosphorus in STW. These mass balances aim to increase the knowledge available on the flows of 
phosphorus in WWTW and how this changes due to decreased iron chloride dosing and phosphorus recovery. 
Other water companies facing similar changes onsite can now understand and prepare for these changes in their 
own sites. 
5.2.1 Sampling of Slough STW 
Sampling of wastewater sludge and liquors at Slough STW began in October 2011 and is predicted to continue until 
approximately April 2014. Weekly sampling over this long time frame ensures yearly averages are used to calculate 
the mass balances and results are not skewed by seasonal or temporal changes onsite. Sample points are shown in 
the flow sheet in BOD: 5 day biochemical oxygen demand, BODf: filtered 5 day biochemical oxygen demand, COD: chemical 
oxygen demand, CODf: filtered chemical oxygen demand, SS: solids suspended @ 105°C, TN: total nitrogen as N, NH4-N: 
ammoniacal nitrogen, TON: nitrogen total oxidised as N, NO2: nitrites as N, NO3: nitrates as N, PO4: soluble reactive P, TP: total 
phosphorus, Alk: alkalinity, DS: dry solids @ 105°C, VS: volatile solids: loss on ignition 550°C on dry matter. 
, while sample analyses are detailed in Table 5.1. In total there are six sewage sample points and nine sludge 
sample points onsite. Sample points were chosen to provide a full sampling regime covering the entire STW so the 
whole treatment works can be modelled. A comprehensive set of sample analysis was chosen to encompass any 
data which may be required during the research. 
Table 0.10: Sewage Liquors and Sludge Sample Analysis 
Sample Analysis 
Sewage Liquor Samples 
 Crude Sewage (24 hour composite) 
 Settled Sewage (24 hour composite) 
 Final Effluent (24 hour composite) 
 PFT Liquors (grab sample) 
 Belt Liquors (grab sample) 
 Centrifuge Liquors (grab sample) 
 Ostara Influent (grab sample) 
 Ostara Effluent (grab sample) 
BOD, BODf, COD, CODf, SS, TN, NH4-N, TON, NO2-N, NO3,-N 
PO4, TP, Alk, Mg, Na, Ca, K, Fe, Al, dissolved Mg, dissolved 
Na, dissolved Ca, dissolved K, dissolved Fe, dissolved Al, 
dissolved Mn, dissolved P 
Sludge Samples 
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BOD: 5 day biochemical oxygen demand, BODf: filtered 5 day biochemical oxygen demand, COD: chemical oxygen demand, 
CODf: filtered chemical oxygen demand, SS: solids suspended @ 105°C, TN: total nitrogen as N, NH4-N: ammoniacal nitrogen, 
TON: nitrogen total oxidised as N, NO2: nitrites as N, NO3: nitrates as N, PO4: soluble reactive P, TP: total phosphorus, Alk: 
alkalinity, DS: dry solids @ 105°C, VS: volatile solids: loss on ignition 550°C on dry matter. 
 Primary Sludge (grab sample) 
 PFT Sludge (grab sample) 
 Belt Feed (grab sample) 
 Belt Sludge (grab sample)  
 Digester Feed (grab sample) 
 Digested Sludge (grab sample) 
 Centrifuge Feed (grab sample) 
 Sludge Cake (grab sample) 
 Imported Sludge (grab sample) 
DS, VS, NH4, TP, TN, pH, Alk, pH, Mg, Ca, K, Fe, Al 
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Figure 0.46: Sample Points in Slough STW 
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Figure 0.47: Site Map of Slough STW 
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5.2.2 Mass Balance Calculations 
Initially the mass balances were calculated by hand focusing on each unit process separately. Then the processes 
were brought together to produce a full network mass balance. After creating a long hand mass balance the 
calculations were converted into Microsoft excel to provide an electronic version of the mass balance. Microsoft 
excel allows multiple iterations to be carried out on circular formulae to calculate more accurate results compared 
with the long hand method. The formulae used to calculate mass flow rates and phosphorus mass flows are 
provided below. 
Equation 0.7: 𝑴𝒂𝒔𝒔 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆 (𝒌𝒈/𝒅𝒂𝒚)𝒇𝒐𝒓 𝒍𝒊𝒒𝒖𝒊𝒅 𝒔𝒕𝒓𝒆𝒂𝒎𝒔 =  
𝒔𝒖𝒔𝒑𝒆𝒏𝒅𝒆𝒅 𝒔𝒐𝒍𝒊𝒅𝒔 (𝒎𝒈/𝒍)×𝒇𝒍𝒐𝒘 (𝒎𝟑/𝒅𝒂𝒚)
𝟏𝟎𝟎𝟎
 
 
Equation 0.8: 𝑴𝒂𝒔𝒔 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆 (𝒌𝒈/𝒅𝒂𝒚)𝒇𝒐𝒓 𝒔𝒍𝒖𝒅𝒈𝒆 𝒔𝒕𝒓𝒆𝒂𝒎𝒔 =  𝒅𝒓𝒚 𝒔𝒐𝒍𝒊𝒅𝒔 (%) × 𝒇𝒍𝒐𝒘 (𝒎𝟑/𝒅𝒂𝒚) × 𝟏𝟎 
 
Equation 0.9: 𝑷𝒉𝒐𝒔𝒑𝒉𝒐𝒓𝒖𝒔 𝒎𝒂𝒔𝒔 𝒇𝒍𝒐𝒘𝒔 (𝒌𝒈/𝒅𝒂𝒚)𝒇𝒐𝒓 𝒍𝒊𝒒𝒖𝒊𝒅 𝒔𝒕𝒓𝒆𝒂𝒎𝒔 =  
𝒑𝒉𝒐𝒔𝒑𝒉𝒐𝒓𝒖𝒔 (𝒎𝒈/𝒍)×𝒇𝒍𝒐𝒘 (𝒎𝟑/𝒅𝒂𝒚)
𝟏𝟎𝟎𝟎
 
 
Equation 0.10: 𝑷𝒉𝒐𝒔𝒑𝒉𝒐𝒓𝒖𝒔 𝒎𝒂𝒔𝒔 𝒇𝒍𝒐𝒘𝒔 (𝒌𝒈/𝒅𝒂𝒚)𝒇𝒐𝒓 𝒔𝒍𝒖𝒅𝒈𝒆 𝒔𝒕𝒓𝒆𝒂𝒎𝒔 =  𝒑𝒉𝒐𝒔𝒑𝒉𝒐𝒓𝒖𝒔 (%) × 𝒇𝒍𝒐𝒘 (𝒎𝟑/𝒅𝒂𝒚) ×
𝟏𝟎 
 
In order to provide a margin of error in the mass balance, a standard error for average concentrations was 
calculated. The standard error was calculated by counting samples collected over a certain time period, giving a 
sample size and using the formula below. 
Equation 0.11: 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐸𝑟𝑟𝑜𝑟 =  
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
√𝑆𝑎𝑚𝑝𝑙𝑒 𝑆𝑖𝑧𝑒
 
All mass balances were produced using the same base mass balance (current mass balance). To create the 
predictive reduced iron chloride dosing mass balance, the flow of iron chloride dosing in the current mass balance 
was altered. All values depicted in the mass balance changed once this figure was altered. 
Following on from this, the reduced iron chloride mass balance was used to create a predictive phosphorus 
recovery mass balance. The mass balance was altered slightly to include the Ostara reactor in the network layout. 
The flow, mass, total phosphorus and phosphate were changed at the outlet of the Ostara reactor. Since the mass 
balance is based on an iterative circular process, the other values in the mass balance changed as a result of 
changing values around the reactor. 
5.3 Slough STW: Effect of Iron Dose Reduction 
As discussed in 0 Chapter 2: Slough STW Background, iron dosing in Slough STW must be reduced to 
increase PO4-P concentrations in the centrifuge centrate liquors to at least 75 mg/l to achieve struvite fertiliser 
recovery rates of ~ 70%. While the iron chloride solution dosing is being reduced, the effects on the BNR process 
are being monitored. A biological phosphorus (bio-P) experiment and sequencing analysis are being conducted to 
fully investigate the effects of reduced iron dosing on the microorganisms responsible for the removal of 
phosphorus from wastewater in Slough STW. The brief methodologies for these experiments are detailed below, 
while more detailed instructions are provided in the appendix. 
5.3.1 Bio-P Experiment 
To measure the phosphorus removal capability of the BNR process, a fortnightly experiment is being conducted on 
BNR sludge. The aim of the experiment is to measure the phosphorus release of microorganisms in the anaerobic 
phase and the phosphorus removal in the aerobic phase of the BNR process. By comparing results from the 
experiments over time (fortnightly), the changes in BNR process due to reduced iron dosing can be documented 
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and investigated. PO4 and volatile suspended solids (VSS) are measured during the experiment, using this data 
specific P release and specific P uptake in (mg PO4-P/g VSS) over time is plotted. The formula for specific P 
release/uptake is provided below. The procedure for the test is outlined in the appendix. 
Equation 0.12: 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑃 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (𝑚𝑔 𝑃𝑂4/𝑔 𝑉𝑆𝑆) =
𝑃𝑂4 𝑎𝑡 𝑒𝑛𝑑 𝑜𝑓 𝐴𝑛𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑃ℎ𝑎𝑠𝑒−𝑃𝑂4 𝑎𝑡 𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝐴𝑛𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑃ℎ𝑎𝑠𝑒
𝑉𝑆𝑆 𝑎𝑡 𝑒𝑛𝑑 𝑜𝑓 𝐴𝑛𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑃ℎ𝑎𝑠𝑒
 
 
Equation 0.13: 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑃 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑚𝑔
𝑃𝑂4
𝑔
𝑉𝑆𝑆) =
𝑃𝑂4 𝑎𝑡 𝑒𝑛𝑑 𝑜𝑓 𝐴𝑒𝑟𝑜𝑏𝑖𝑐 𝑃ℎ𝑎𝑠𝑒−𝑃𝑂4 at 𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝐴𝑒𝑟𝑜𝑏𝑖𝑐 𝑃ℎ𝑎𝑠𝑒
𝑉𝑆𝑆 at 𝑒𝑛𝑑 𝑜𝑓 𝐴𝑒𝑟𝑜𝑏𝑖𝑐 𝑃ℎ𝑎𝑠𝑒
 
5.3.2 Sequencing Analysis 
In addition to the bio-P experiment, sequencing analysis of BNR microorganisms is being conducted. Weekly grab 
samples of BNR sludge are collected from Slough STW; 20 ml of the sludge sample is mixed with 20 ml of 80% 
glycerol in a test tube and placed in a freezer. Sludge/glycerol solutions are kept frozen until sufficient samples 
have been collected to prepare the samples in the Microbial Sciences Department in the University of Surrey. The 
samples are prepared for analysis in the University and sent to the Julian Marchesi group at Cardiff University for 
sequencing analysis. More detailed methods are described in the appendix. 
 
5.4 Ash Experiments 
Another part of this research project focuses on the recovery of phosphorus from ash to produce a fertiliser. Two 
types of ash were investigated in initial trials to recover phosphorus; incinerated wheat straw ash (from Tate&Lyle) 
and incinerated sewage sludge ash (ISSA) (from Beckton and Crossness STWs).  
Initial studies were conducted to build a basic foundation understanding on the characteristics and morphology of 
the ash. The first step of the ash investigations was to analyse the composition of the dry ash samples. Samples 
were sent to Thames Water’s Spencer House laboratories for analysis of the components listed in the table. The 
first experiment aimed to examine the water solubility of the ash samples. This was carried out by simply stirring 
one gram of ash in one litre of distilled water using a magnetic stirrer for one hour. The ash solution was filtered 
(known as ash liquor) and sent to Thames Laboratories for analysis outlined in the table below. 
In order to investigate the water solubility of the ash samples, 1 g of each ash sample was weighed using an 
electronic scale. Each ash sample was placed in separate conical flasks containing 1L of distilled water. Using 
magnetic stirrers the ash/water solutions were stirred for one hour to allow leaching of the ash into the distilled 
water. After one hour the ash/water solutions were filtered using a vacuum filter apparatus. The filtrates (known 
ash liquors for this experiment) were poured into separate container for preliminary analysis. Conductivity and pH 
were measured using probes, while PO4-P was measured using Merck spectroquant cell test kits. The remaining 
ash liquors went sent to Spencer House laboratories for further analytical testing.  
Table 0.11: Ash Analysis 
Dry Ash Analysis Ash Liquor Analysis 
TP, TN, Mg, Ca, Fe, Al, As, Cd, Cr, Cu, F, Hg, K, Mo, Ni, Pb, 
S, Se, Zn, DS 
TP, PO4, TN, TON, NH4, Cl, Ca, Fe, Al, Mg, K, Cu, Zn, Cd, Pb, 
Cr, Ni, Mo, Se, As, Mn, Be, B, Na, V, Co, Sb, Be, W, Li, Ti, 
Ag, Sr, Sn 
TP: Total Phosphorus, TN: Total Nitrogen, DS: % Dry Solids 
Following these experiments, another batch of tests was carried out with the aim of determining the solubility of 
the ash samples in carbonated water. Carbonated water has a pH of ~4. Distilled water from the Innovation 
laboratory was carbonated using a commercial soda stream. Carbon dioxide is injected into the water, where some 
dissolves and the rest released as carbon dioxide bubbles. This produces a solution of carbonic acid reducing the 
pH of the water. One gram of ash was mixed with one litre of carbonated water for one hour. Samples were 
filtered and the liquid was sent to Spencer House for analysis. 
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Scanning electron microscopy (SEM) analysis was carried out on the ash samples in the University of Surrey. SEM 
uses a beam of high-energy electrons to generate signals at the surface of solid samples. Information about the 
external morphology, chemical composition, crystalline structure and orientation of materials making up the 
sample was revealed (Swapp, 2012). The results from SEM analysis are presented in chapter 6. 
5.4.1 Optimising Parameters 
Due to the volume of research to be conducted, an MSc student was enlisted to complete a dissertation on this 
part of the project. The objectives of the MSc dissertation were: 
1. Determine the optimum pH for phosphorus release using buffer solutions and sulphuric acid. 
2. Study the effect of contact time and liquid solid ratio (L/S) on phosphorus release. 
3. Determine the optimum pH and L/S ratio for phosphorus release. 
4. Determine the efficiency of buffer solutions and CO2 (carbonation) for achieving the optimum pH for 
phosphorus release. 
5. Perform a cost-benefit analysis between the use of buffer solutions, sulphuric acid and sulphuric acid 
combined with carbonation. 
6. Propose a standard and systematic methodology to release phosphorus into solution from ash, regardless 
of their origin. 
After the completion of the dissertation, the ash based project will be transferred back into this research project. 
 
Chapter 6: Results and Discussion 
 
6.1 Mass Balance 
6.1.1 Current State of Slough STW 
A mass balance of flow rates, mass (based on suspended solids and dry solids), tot.P and PO4-P through Slough 
STW are shown in Figure 0.48 and summarised in  
Table 0.12. The mass balance demonstrates that 22.5% of tot.P and 22.3% of PO4-P entering the head of the works 
(before primary settlement tank (PST)) is due to phosphorus present in the return liquor stream from sludge 
treatment processes. This compares well with 26% total phosphorus return percentage reported by Jaffer et al. 
(2002); PO4 was not reported. Evans’ (2009) report that sludge dewatering liquors contribute 20% to the influent 
6.5 Concluding Remarks
6.4 Composition of Ashes
6.3 Ash Solubility Experiments
6.3.1 Total Phosphorus Content of Ash Samples 6.3.2 Water Solubility of Phosphates in Ash Experiments
6.2 Effect of Iron Dose Reduction
6.2.1 Cost Savings Associated with Reduction of FeCl2 Dosing
6.1 Mass Balance
6.1.1 Current State of Slough STW 6.1.2 Iron Dosing at Slough STW
6.1.3 Phosphorus Recovery at Slough 
STW
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phosphorus concentrations. The mass balance also indicates that the majority of phosphorus in the return stream, 
i.e. 40.6% tot.P and 69.8% PO4-P originates from the centrifuge centrate liquors. Ueno & Fuji, (2001), report that 
70% of phosphorus load entering the head of their works is due to anaerobic digestion dewatering filtrate 
sidestream. However, it is unclear if this value relates to tot.P or PO4-P concentrations.  
By installing the Ostara phosphorus recovery system after the centrifuge, the concentrations of tot.P and PO4-P of 
the centrifuge centrate liquors will reduce significantly. Approximately 80% of PO4-P will be removed from the 
centrifuge centrate and transferred into the struvite fertiliser. Due to this removal of PO4-P from the return 
stream, the nutrient load requiring re-treatment will be reduced (Ostara & Thames Water, 2010). This will reduce 
the potential formation of struvite inside the pipe network and pumps, and improve the overall operation of the 
site. The realised effects of a full-scale phosphorus recovery system have not been reported in literature. A 
theoretical mass balance detailing the predicted effects of phosphorus recovery is discussed in the following 
section. 
 
Figure 0.48: Current Mass Balance 
Table 0.12: Concentrations of Tot.P and PO4 
Stream Tot.P ± Standard Error PO4 ± Standard Error 
Crude sewage 11.73 ± 1.14 mg/l 4.52 ± 0.48 mg/l 
Settled sewage 7.23 ± 1.04 mg/l 3.59 ± 0.49 mg/l 
PST sludge out 1.3 ± 0.06% 0.27 ± 0.11% 
PFT sludge out 1.29 ± 0.06% 0.09 ± 0.001% 
PFT liquor out 158.29 ± 52.76 mg/l 40.2 ± 2.51 mg/l 
Imports 1.38 ± 0.18% 0.28 ± 0.01% 
Final effluent 0.89 ± 0.23 mg/l 0.51 ± 0.25 mg/l 
60822 ± 1771 62412 ± 1792 61564 ± 1767 60822 ± 1771
24804 ± 3051 29460 ± 4160 7355 ± 967 381 ± 48
567 ± 60 732 ± 71 445 ± 64 54 ± 14
218 ± 26 282 ± 30 221 ± 30 31 ± 15
848 ± 25
22000 ± 3922
287 ± 14
60 ± 24 451 ± 16
17323 ± 1251
224 ± 11 99 ± 9
16 ± 0.1 3932 ± 513
126 ± 14
3 ± 0.3 587 ± 60
5374 ± 786
161 ± 19
4 ± 0.4
232 ± 20 398 ± 24 493 ± 51
8489 ± 1838 3265 ± 1274 811 ± 216
117 ± 15 63 ± 21 35 ± 9
24 ± 1 16 ± 1 3 ± 0.3 700 ± 26
579 ± 291
67 ± 14
44 ± 4
1591 ± 58 782 ± 27
4655 ± 1126 25688 ± 2113
165 ± 24 467 ± 30
LEGEND 63 ± 6 43 ± 2
Flow m
3
/day 736 ± 45 59 ± 4
Mass kg/day 13107 ± 1401 12551 ± 1370
Tot.P kg/day 492 ± 33 425 ± 29
PO4-P kg/day 55 ± 3 5 ± 0.3
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SAS feed sludge 2.99 ± 0.35% 0.07 ± 0.007% 
SAS liquor 70.99 ± 18.26 mg/l 6.09 ± 0.61 mg/l 
SAS sludge out 3.2 ± 0.36% 0.08 ± 0.008% 
Digester feed 1.82 ± 0.12% 0.17 ± 0.008% 
Centrifuge feed 3.75 ± 0.25% 0.42 ± 0.02% 
Cake 3.39 ± 0.23% 0.04 ± 0.002% 
Centrifuge liquor 95.71 ± 20 mg/l 62.86 ± 5.71 mg/l 
 
6.1.2 Iron dosing at Slough STW 
The average PO4-P concentration of centrifuge centrate liquors was 62.86 ± 5.71 mg/l before reduction of FeCl2 
dosing. At this concentration, the recovery of struvite fertiliser lies between 40-50% (Lycke, 2012). In order to 
increase the recovery rate of fertiliser the concentration of PO4-P in the centrifuge liquors must be increased to 
approximately 100 mg/l. An increase in PO4-P concentrations has been achieved by reducing the FeCl2 solution 
dosing in Slough STW. With the reduction in FeCl2 solution dosing the phosphorus will be present in a more 
bioavailable form for recovery of struvite fertiliser, as the amount of iron present to react and form an insoluble 
iron phosphate is reduced. (The relationship between PO4-P and Fe is described in section 0) Approximately 8-10 
mg/l of FeCl2 solution is currently dosed in Slough STW. Since phosphorus will be recovered from centrifuge 
centrate, reducing the overall phosphorus load on the works and the struvite formation potential, the FeCl2 
solution dosing onsite can be reduced significantly. Only 1 mg/l of Fe is required to reduce odours onsite according 
to the Thames Water chemical dosing systems standard (Thames Water Utilities Ltd, 2009). It is important in 
Slough STW that the FeCl2 dosing be reduced step-wise to avoid overloading the BNR facility; shocking the 
organisms and causing a final effluent discharge failure. A gradual decrease in FeCl2 dosing allows the 
microorganisms to adjust to the new environment and grow steadily until they are capable of removing phosphate 
to achieve discharge standards without the aid of metal salt addition. 
In Slough STW, FeCl2 solution was dosed at a maximum of 6000 kg FeCl2 solution/day to remove phosphorus into 
the sludge matrix and control onsite odours. This FeCl2 solution contains approximately 10% Fe; therefore FeCl2 
solution as Fe was dosed at a rate of 600 kg/day. At an influent flow rate of 60,822 m3/day, 10 mg/l of Fe was 
dosed in Slough STW each day. As stated above, only 1 mg/l of Fe (62 kg/day Fe) per day is required to control the 
odour at Slough STW. Therefore, the onsite dosing of FeCl2 solution can be reduced from 6000kg/day to 616 
kg/day.  
Figure 0.49 displays theoretical predictions of changes expected in Slough STW after FeCl2 dosing is reduced to 1 
mg/l/day to reduce odour onsite. As a result of reducing FeCl2 dosing the PO4-P concentrations across the entire 
site are expected to increase (with the exception of influent, imported sludge and final effluent).The percentage 
crude sewage PO4-P entering the PST as a result of the return stream should  increase to approximately 33.1% 
from an original (FeCl2 dosed) percentage of 22.3%. Reducing the presence of iron onsite will lead to an increase in 
PO4-P, as the metal salt will no longer inhibit the hydrolysis of polyphosphates in the BNR and anaerobic digestion 
processes (Crutchik & Garrido, 2012; Ofverstrom et al., 2011). Insoluble metal phosphates will no longer form 
leaving soluble bioavailable PO4-P that can be recovered as struvite fertiliser. 
In addition to the increase observed in PO4-P concentrations onsite, a decrease in solids volumes (based on 
suspended solids and dry solids content) across the site will occur. According to the theoretical mass balance, the 
sludge cake mass can be reduced by a maximum of 1790 kg/day (all calculations based on dry solids). According to 
the Thames Water chemical dosing systems standard the calculated reduction in chemical sludge mass would be 
approximately 1345 kg/day. Whereas calculations based on a threefold increase in mass due to chemical dosing 
should result in a  reduction of 1614 kg/day for Slough STW (Ofverstrom et al., 2011). The theoretical reduction in 
sludge cake mass obtained from the mass balance agrees quite favourably with calculations based on data 
obtained from Ofverstrom et al., (2011). 
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Figure 0.49: Theoretical Mass Balance After Reduction of Iron Dosing to 1 mg/l/day 
Assumptions for theoretical mass balance after reduction of iron dosing to 1 mg/l/day 
1. Original iron chloride solution dosing = 6000 kg/day 
2. Iron chloride solution dosing reduced to 616 kg/day 
3. Centrifuge centrate liquors PO4-P = 94 mg/l 
4. Influent characteristics (flow rate, mass, tot.P and PO4-P) entering the site remain the same 
5. BNR microorganisms capable of removing phosphorus from wastewater to achieve regulatory discharge consent 
 
Table 0.13: Theoretical Concentrations of Tot.P and PO4-P After Reduction of Iron Dosing to 1 mg/l/day 
Stream Tot.P ± Standard Error PO4± Standard Error 
Crude sewage 11.73 ± 0.14 mg/l 5.22 ± 0.08mg/l 
Settled sewage 7.23 ± 0.08 mg/l 4.14 ± 0.06 mg/l 
PST sludge out 1.35 ± 0.01% 0.32  ± 0.005% 
PFT sludge out 1.34 ± 0.02% 0.11 ± 0.01% 
PFT liquor out 158.29 ± 2.51 mg/l 45.23 ± 2.51 mg/l 
Imports 1.38 ± 0.18% 0.28 ± 0.01% 
Final effluent 0.89 ± 0.23 mg/l 0.51 ± 0.25 mg/l 
SAS feed sludge 46.53 ± 6.07% 8.67 ± 0.87% 
SAS liquor 70.99 ± 10.14 mg/l 46.65 ± 4.06 mg/l 
SAS sludge out 49.8 ± 6.32% 9.09 ± 0.79% 
Digester feed 2.13 ± 0.14% 0.3 ± 0.01% 
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Centrifuge feed 4.4 ± 0.28% 0.74 ± 0.03% 
Cake 3.97 ± 0.26% 0.07 ± 0.01% 
Centrifuge liquor 95.31 ± 5.69 mg/l 93.88 ± 4.27 mg/l 
 
6.1.3 Phosphorus Recovery at Slough STW 
 
 displays a theoretical mass balance of Slough STW showing the predicted effects of phosphorus recovery. 
Theoretically, the return stream will contribute 17.4% of PO4-P concentrations returned to the head of the works 
after the recovery of struvite fertiliser. This compares to an original return percentage of 22.3% PO4-P and a 
reduced FeCl2 dosing return percentage of 33.1% PO4-P. Britton et al., (2009) report the phosphorus load returned 
to the head of the works can be reduced by 30%. However, the influent PO4-P concentrations to this recovery 
system averaged 550 mg/l. The higher the influent PO4-P concentration to the recovery system the greater the 
recovery rate of struvite and therefore removal of PO4-P from the return stream. Baur et al., (2008) report a more 
modest reduction in return stream PO4-P concentrations of 24%. However, the recovery rate of PO4-P as struvite 
fertiliser averaged 95%; a reduction from 505 mg/l to 25 mg/l. The influent PO4-P concentrations to the 
phosphorus recovery system in Slough STW is expected to vary from 75 mg/l (minimum) to 125 mg/l. Therefore, 
the reduction in PO4-P concentrations returned to the head of the works will be much lower than others reported. 
The reduction in influent phosphate concentrations will reduce the potential for struvite formation on the inside of 
pipes and pumps at Slough STW and increase the operational capacity of the site. As displayed in Figure 6.3 and 
Table 6.3, the PO4-P concentrations across the entire network will be reduced. Values for the reduction in 
phosphorus concentrations across entire STW as a result of struvite recovery are difficult to find, as most of the 
literature focuses upon struvite recovery rates and economics of the system, rather than on the effects of struvite 
recovery on the entire STW (Booker et al., 1999; Jaffer & Pearce, 2004; Jaffer et al., 2002; Ueno & Fuji, 2001). The 
following section describes the effects thus far of FeCl2 reduction in Slough STW. 
 
Figure 0.50: Theoretical Mass Balance Showing Effects of Phosphate Recovery 
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Assumptions for theoretical mass balance showing effects of phosphorus recovery 
1. Iron chloride solution dosing reduced to 616 kg/day (1 mg/l/day). 
2. BNR process working efficiently and effectively. 
3. Centrifuge centrate liquor PO4-P concentration = 85 mg/l. 
4. 80% recovery of PO4-P, 70% recovery of tot.P. 
5. Same flow rate and mass as enters the P recovery system, leaves the P recovery system. 
6. Influent characteristics (flow rate, mass, tot.P and PO4-P) entering the site remain the same. 
7. Flow rate and mass flow of the struvite fertiliser are insignificant to have no effect on the overall flow rates and 
masses of the network. 
 
Table 0.14: Theoretical Concentrations of Tot.P and PO4-P After Phosphorus Recovery 
Stream Tot.P ± Standard Error PO4 ± Standard Error 
Crude sewage 11.01 ± 0.1 mg/l 4.23 ± 0.05mg/l 
Settled sewage 6.79 ± 0.06 mg/l 3.36 ± 0.03 mg/l 
PST sludge out 1.26 ± 0.01% 0.26  ± 0.004% 
PFT sludge out 1.25 ± 0.01% 0.09 ± 0.01% 
PFT liquor out 148.24 ± 2.51 mg/l 37.69 ± 2.51 mg/l 
Imports 1.38 ± 0.18% 0.28 ± 0.01% 
Final effluent 0.89 ± 0.23 mg/l 0.51 ± 0.25 mg/l 
SAS feed sludge 46.53 ± 6.07% 7.51 ± 0.87% 
SAS liquor 70.99 ± 10.14 mg/l 38.54 ± 4.06 mg/l 
SAS sludge out 49.8 ± 6.32% 7.51 ± 0.79% 
Digester feed 2.07 ± 0.14% 0.26 ± 0.01% 
Centrifuge feed 4.27 ± 0.28% 0.66 ± 0.03% 
Cake 3.86 ± 0.25% 0.07 ± 0.01% 
Centrifuge liquor 92.46 ± 5.69 mg/l 85.35 ± 2.84 mg/l 
P recovery liquor (return stream) 36.98 ± 2.84 mg/l 17.07 ± 1.42 mg/l 
 
6.2 Effect of Iron Dose Reduction 
The graphs below depict the changes monitored in the centrifuge centrate from the period of October 2011 – 
present, encompassing the period over which FeCl2 dosing at Slough STW was reduced (January 2013 – present). 
Figure 0.51 displays the steady nature of the concentrations of PO4-P and Fe in the centrifuge centrate prior to the 
reduction of FeCl2 dosing in Slough STW. Additionally, Figure 0.52 demonstrates the relationship between PO4-P 
and Fe prior to the FeCl2 dosing reduction. Figure 0.52 acts as a comparison between the period pre-FeCl2 dosing 
reduction and post-FeCl2 dosing reduction. 
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Figure 0.51: PO4 & Iron Concentrations Pre Iron Dosing Reduction 
 
Figure 0.52: Relationship Between PO4 & Iron Concentrations Pre Iron Dosing Reduction 
 
 
0
10
20
30
40
50
60
70
80
90
11-Oct-11 11-Dec-11 11-Feb-12 11-Apr-12 11-Jun-12 11-Aug-12 11-Oct-12
C
o
n
ce
n
tr
at
io
n
 (
m
g/
l)
PO4 Iron
R² = 0.1006
0
10
20
30
40
50
60
70
80
90
0 5 10 15 20 25 30
P
O
4
 c
o
n
ce
n
tr
at
io
n
 (
m
g/
l)
Iron concentration (mg/l)
 Sustainable P Recovery from Waste  Appendix D –Twenty-four Month Report 
D-163 
In contrast to these graphs, Figure 0.53 and Figure 0.54 exhibit the changes which occurred in the centrifuge 
centrate following the reduction of FeCl2 dosing. Figure 0.53 establishes that during the period from January 2013 – 
present, that the PO4-P in the centrifuge centrate progressively increased while the Fe steadily decreased. It is 
understood that as the FeCl2 dosing was reduced, there was less Fe present to react with PO4 to produce an 
insoluble ferric phosphate compound, leaving more PO4-P present in the centrifuge centrate.  
 
Figure 0.53: PO4 & Iron Concentrations Post Iron Dosing Reduction 
Figure 0.54 exhibits the relationship between PO4-P and Fe as the FeCl2 dosing was reduced. FeCl2 dosing was 
reduced in order to increase PO4-P concentrations in the centrifuge centrate. PO4-P concentrations above 100 mg/l 
ensure struvite fertiliser recovery rates > 90%. There is a possible linear relationship between the two parameters, 
as Fe decreases, PO4 increases. This was the expected result from reducing the FeCl2 dosing. While the R2 value is 
quite low, such a graph is to be expected as it is plotted using data from grab samples which can easily encounter 
human error, e.g. incorrect sampling method or errors in the laboratory when analysing parameters. 
 
Figure 0.54: Relationship Between PO4 & Iron Concentrations Post Iron Dosing Reduction 
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6.2.1 Cost Savings Associated with Reduction of FeCl2 Dosing 
By reducing FeCl2 dosing to 1 mg/l (sufficient to control odours) between £73,374 - £118,178 can be saved in 
Slough STW by Thames Water Utilities Ltd. This saving arises from the reduction in FeCl2 chemical costs coupled 
with the decline in sludge handling costs due to the decreased sludge cake volume produced to be transported to 
land. When the EBPR process at Slough STW is operating to its original design capacity, little or no iron dosing will 
be required to remove phosphorus from the influent wastewater stream. This will result in further cost savings for 
Slough STW. 
Table 0.15: Cost Savings Arising from Reduced FeCl2 Dosing 
Chemical cost savings 
 FeCl dose: 4 – 6 tonnes/day bulk, 
 FeCl contains 10% Fe, 
 FeCl as Fe dose: 400 – 600 kg/day, 
 Influent flow rate: 60,822 m3/day → 7 – 10 mg/l of Fe dosed to remove P into sludge 
 1 mg/l of Fe is needed for odour control → 60 kg/day Fe → 600 kg/day 
 FeCl2 dosing can be reduced by 340 - 540 kg/day → 3.4 – 5.4 tonnes/day 
 FeCl costs approximately £50 per tonne 
 Saving £170 - £270 each day  
 Therefore, £62,050 - £100,375 can be saved each year by reducing FeCl2 dosing to 1 mg/l/day in chemical cost savings 
Sludge handling cost savings 
 According to mass balance above (Figure 0.49), sludge cake mass will be reduced by 1,632 – 2,566 kg/day by reducing 
FeCl2 dosing to 1 mg/l → 596 – 937 tonnes/year 
 Sludge handling cost: £19/tonne 
 Therefore, £11,324 - £17,803 can be saved each year by reducing FeCl2 dosing to 1 mg/l in sludge handling costs 
 
6.3 Ash Solubility Experiments 
6.3.1 Total Phosphorus Content of Ash Samples 
Schiemenz et al. (2011) report that wheat straw ashes contain 1.3% phosphorus on a dry weight basis. However, it 
can be seen from the graph below that this incinerated wheat straw ash contains much higher amounts of tot.P. 
The lowest tot.P content is seen in the Crossness ash at 6.59%, while the greatest tot.P content is found in fly ash 
#2 at 13.01%. With regards wheat straw ashes sourced from different areas of the same incinerator, Tan & 
Lagerkvist (2011) note that phosphorus content is greater in fly ashes than bed ashes. Generally, 75-98% of 
phosphorus leaving the boiler is retained in the fly ash (Tan & Lagerkvist, 2011). 
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Figure 0.55: Total Phosphorus Contents of Incinerated Ash Samples 
Figure 0.56 displays the composition of the baghouse incinerated wheat straw ash and Beckton ISSA. Donatello, et 
al., (2010), report that Zn, Cu, Pb and Cr are the most common heavy metals present in ISSA. In the graph below, it 
can be seen that Fe, Al, Cu, Pb and Zn are present in significant concentrations in ISSA compared to the low 
concentrations found in the incinerated wheat straw ash It is thought the elevated heavy metals content in 
Beckton ISSA is due industrial activities and road run off. Donatello, et al., (2010), suggested the elevated Ca 
content is due to the ash separation used at the incinerator, where partial blending with spent lime/coke occurs 
from a flue gas abatement system. 
 
Figure 0.56: Composition of Baghouse & Beckton Ashes 
 
6.3.2 Water Solubility of Phosphates in Ash Experiments 
The table below displays results obtained water solubility experiments conducted. According to the dry ash 
analysis, baghouse ash contained lower tot.P concentrations than the fly ash samples. However, upon conducting 
water solubility tests, baghouse ash released the greatest concentrations of tot.P in the ash liquors. The graph also 
displays the general increase obtained in ash liquors tot.P concentrations when mixing carbonated water with the 
0
20,000
40,000
60,000
80,000
100,000
120,000
140,000
Fly Ash 1
(T&L)
Fly Ash 2
(T&L)
Baghouse Fly
Ash (T&L)
Bottom Ash
(T&L)
Silo Ash
(T&L)
Beckton Ash Crossness
Ash
To
t.
P
 (
m
g/
kg
)
0
20,000
40,000
60,000
80,000
100,000
120,000
Mg Ca Fe Al Cu Pb Zn
C
o
m
p
o
si
ti
o
n
 (
m
g/
kg
)
Beckton Ash Baghouse Fly Ash (T&L)
 Sustainable P Recovery from Waste  Appendix D –Twenty-four Month Report 
D-166 
ash samples over using plain distilled water. This increase was achieved as the pH of carbonated water is more 
acidic than distilled water. 
 
Figure 0.57: Tot.P Concentrations Obtained from Water Solubility Experiments 
 
6.4 Composition of Ashes 
  
Figure 0.58: SEM Image of Tate & Lyle Baghouse Ash 
Cellulose material (i.e. organic plant material) can be seen in the SEM image of the Tate & Lyle baghouse ash, from 
incineration of wheat straw. In preliminary experiments, this ash displayed the greatest water solubility of 
phosphorus compared to the other ash samples. It is now clear why this ash did display the greatest solubility as it 
contains significant amounts of organic material. The graph below represents the elements which are present in 
the baghouse ash sample (x-axis is photon energy; y-axis is count of each particular element). Greater quantities of 
0
20
40
60
80
100
120
140
160
Fly Ash 1
(T&L)
Fly Ash 2
(T&L)
Baghouse Fly
Ash (T&L)
Bottom Ash
(T&L)
Silo Ash (T&L) Beckton Ash Crossness Ash
To
t.
P
 (
m
g/
l)
Distilled Water Carbonated Water
 Sustainable P Recovery from Waste  Appendix D –Twenty-four Month Report 
D-167 
phosphorus, potassium and aluminium are noted, while metals are present in much lower quantities. This analysis 
does not provide concentrations of elements, but rather gives a count of which are present in the greatest 
quantities.  
 
Figure 0.59: Graph of Elements Present in Tate & Lyle Baghouse Ash 
 
Figure 0.60: SEM Image of Beckton Ash 
The SEM image above of Beckton ISSA is rather different from the SEM image of incinerated wheat straw. The SEM 
image shows a very homogenous sample with smaller sized particles than the Tate & Lyle ashes. The graph also 
displays greater quantities of heavy metals compared to the Tate & Lyle incinerated wheat straw ashes, as 
confirmed by Spencer House analysis of ash (Figure 0.56).  
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Figure 0.61: Graph of Elements Present in Beckton Ash Sample 
 
6.5 Concluding Remarks 
From the results described above it can be established that many of the objectives of this research project have 
been achieved and remaining objectives are underway. Mass balances presenting the current state of Slough STW 
have been produced along with predictive mass balances depicting changes expected when FeCl2 dosing is reduced 
and phosphorus recovery begins. Cost savings associated with FeCl2 dosing reduction have been presented. Results 
from preliminary ash experiments have been described. Referring to chapter 4: Scope & Objectives, there are 
more activities which will be achieved in the final two years of this EngD research project. These additional 
activities include presenting true mass balances depicting the changes experienced in Slough STW as a result of full 
scale phosphorus recovery and conducting market analysis of the struvite fertiliser. As the project continues, more 
attention will be paid to the removal and recovery of phosphorus from incinerated sewage sludge ash. 
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Appendix A: Methods of Recovering Phosphorus at WWTW 
There are numerous methods available for recovering phosphorus from the waste products of wastewater 
treatment: sludge, wastewater sidestreams and incinerated sewage sludge ash (ISSA). Three common techniques 
for phosphorus recovery are described; crystallisation & precipitation, wet chemical treatment and thermo-
chemical treatment. 
Crystallisation & Precipitation 
Crystallisation and precipitation transforms soluble phosphate from a liquid phase into a solid phase (Nieminen, 
2010). Precipitation of phosphorus can occur spontaneously, although it is normally initiated by the addition of 
metal ions, e.g. Mg2+, Ca2+, Al3+ or Fe3+. Magnesium and calcium are frequently used to precipitate phosphorus as a 
fertiliser, as they are secondary nutrients required for healthy plant growth. When phosphorus is precipitated 
using magnesium, struvite (MgNH4Po4.6(H2O)) is formed at pH >8. This is the more common method of 
phosphorus precipitation. Phosphorus may also be precipitated using calcium in the form of hydroxyapatite (HAP) 
(Ca5(PO4)3OH). However, this form of phosphorus precipitates at prohibitively high pH values typically ≥ 10. 
Aluminium and iron are frequently used in WWTW to precipitate phosphorus from wastewater into an aluminium 
or iron bound phosphate. However, phosphorus which is too tightly metal-bound is generally thought as 
unavailable for struvite precipitation and plant growth. Regardless, the KREPRO process precipitates phosphorus as 
ferric phosphate (Rittmann, et al., 2011a). 
Wet Chemical Treatment 
Wet chemical processes release phosphorus from chemical or biological sludge and sludge ash using acids or 
bases. Non-soluble residue is removed and the remaining liquid treated to separate dissolved phosphorus. 
Methods include precipitation, ion exchange and nanofiltration. Generally, leaching with acids removes more 
phosphorus than base leaching (Nieminen, 2010). The ion exchange process allows for undesirable ions to be 
exchanged for solid-phase ions based on ion affinity. Ion exchange offers a more selective method of removing 
ions from wastewater or sludge. This is a more promising technology as it is generally a reversible process 
(Rittmann, et al., 2011a). 
Thermo-Chemical Treatment 
Thermo-chemical treatments are suited to the removal of phosphorus and heavy metals from ISSA and sludges 
(Nieminen, 2010). Mono-incineration of sludge completely destructs the organic pollutants present in the waste. 
These incinerated residues contain high concentrations of phosphorus, but this phosphorus is not present in a 
bioavailable form for plant growth. In thermo-chemical treatment, phosphorus in the ISSA is transferred into a 
mineral phase more available for plant growth (Adam, et al., 2009). Volatile heavy metal chlorides are formed by 
adding a chlorine donor at temperatures between 800-1000°C. The volatile heavy metal chlorides are separated 
from the gaseous phase. New mineral phases are produced in the ash, resulting in phosphorus solubility of up to 
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100% in citric acid (Adam, et al., 2007). However, due to the concomitant removal of metals with phosphorus, the 
use of the treatment in producing fertiliser is limited (Nieminen, 2010).  
 
Appendix B: Bio-P Experiment Procedure 
Figure 0.62: Bio-P Experiment Procedure 
 
 Aeration ensures all microorganisms in the sludge are “alive”. 
 Pre-denitrification ensures all air is expelled from the sludge. 
 Sodium acetate is added as an energy source for the microorganisms. 
 To remove NO3, sodium acetate is added according to the equation:  
Equation 0.14:  𝑆𝑜𝑑𝑖𝑢𝑚 𝑎𝑐𝑒𝑡𝑎𝑡𝑒 (𝑚𝑔) =  
1.91
𝑁𝑂3𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
× 𝑙𝑖𝑡𝑟𝑒𝑠 𝑜𝑓 𝑠𝑙𝑢𝑑𝑔𝑒 
 NO3 and PO4 are measured using Merck test kit and spectrometer. 
 In the anaerobic phase, sodium acetate is added according to equation: 
Equation 0.15:  𝑆𝑜𝑑𝑖𝑢𝑚 𝑎𝑐𝑒𝑡𝑎𝑡𝑒 (𝑚𝑔) = 50 × 𝑙𝑖𝑡𝑟𝑒𝑠 𝑜𝑓 𝑠𝑙𝑢𝑑𝑔𝑒 
 The ideal graph achieved in the experiment is provided below. 
• Air flow = 6 litres/minute
• Duration = 30 minutes
Aeration
• N2 gas flow = 3 litres/minute
• Measure NO3 concentration
Pre-
denitrification
• N2 gas flow = 3 litres/minute
• Take VSS sample @ start
• Add sodium acetate
• Measure PO4 every 10 minutes for 1 hour
• Measure PO4 every 15 minutes for 1 hour
• Take VSS sample @ half way point
Anaerobic
• Air flow = 6 litres/minute
• Measure PO4 every 10 minutes for 1 hour
• Measure PO4 every 15 minutes for 1 hour
• Take VSS sample @ end
Aerobic
 If NO3 ≠ 0 
 Add sodium acetate 
 Bubble N2 gas for 10 
minutes 
 Measure NO3 
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Figure 0.63: Ideal PO4 Concentration Change Over Time in Bio-P Experiment 
 
Appendix C: Sequencing Sample Preparation 
Sequencing Analysis 
Much research has been conducted into identifying the microorganism responsible for phosphorus removal in the 
EBPR process. Species which may be responsible for EBPR are: Acinetobacter spp., Microlunatus phosphovorus, 
Lampropedia spp., and members for the Rhodocyclus group (De-Bashan & Bashan, 2004). In municipal wastewater 
treatment, heterotrophs are the major microorganisms that produce biomass, while a small amount of PAOs were 
present. Using fluorescence in situ hybridisation (FISH), a molecular identification technique, it was found that the 
main microbial population of EBPR is bacteria of the beta-2 subclass of Proteobacteria and Acinetobacteria. A 
combination of FISH and microautoradiography conducted on EBPR sludge showed that Rhodocyclus-related 
bacteria (beta-proteobacteria) were present in significant quantities. In another EBPR sludge Acinetobacter spp. 
displayed in 4% of cultured bacteria. PCR-denaturing gradient gel electrophoresis (DGGE) indicated that 
Rhodocyclus spp. and Dechlorimonas spp. were the dominant PAO in EBPR, but FISH analysis could only confirm 
the identity of Rhodocyclus spp. Analysis of whole cell fatty acids of bacterial communities indicated more than 
twenty genera exhibited EBPR capacity, with Micrococcus, Staphylococcu and Acidovorax being the most common. 
De-Bashan & Bashan (2004) conclude the section of their review by stating that all the above genera and species, 
and more, can be considered as being responsible for EBPR. None of the bacteria can be identified as the primary 
cause of EBPR. Oehman et al. (2007) suggest for future studies that modelling of EBPR systems be completed to 
predict microbial population dynamics resulting from process performance. Linking microbial population dynamics 
to operational factor (such as changing FeCl2 dosing) is a key issue to resolve. In order to address this suggestion, 
sequencing analysis of BNR sludge is being conducted. The procedure for preparing the samples for sequencing is 
outlined below. 
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Sample Collection and Preparation 
 
Figure 0.64: Method for Sequencing Analysis Sample Collection & Preparation 
 
 
 
 
 
 
 
 
 
 
1. 1 ml of BNR sludge/glycerol sample was placed in a 
test tube using a pipette
2. Sample was centrifuged at 10,000 × g for 5 minutes 
to collect the bacteria
3. Sample was washed using 1 ml of PBS
4. Steps 2 + 3 three times
5. Cells were resuspended in 100µl of sterile DNase and 
RNase free water for DNA isolation
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11. 500 µl of supernatant was removed being careful to avoid settled binding 
matrix
10. The tubes were inverted by hand for 2 minutes to allow binding of DNA to 
matrix. Tube was placed in a rack for 3 minutes to allow settling  of silica matrix
9. 1 ml of binding matrix suspension was added to the supernatant
8. Supernatant was transferred to a clean 15 ml tube
7. Tube was centrifuged at 14,000 × g to precipitate pellet
6. 250 µl of PPS (protein precipitation solution) reagent was added to the tube 
and shaken by hand 10 times
5. Supernatant was transferred to a clean tube using a pipette
4. Lysing matrix tubes were centrifuged at 14,000 × g for 30 seconds
3. Tubes were secured in FastPrep instrument and processed for 30 seconds at 
speed 5.5
2. 978 µl sodium phosphate buffer and 122 µl of  MT buffer solutions were 
added to the cell suspension
1. 2 ml of lysing matrix tube E (a mixture of ceramic and silica particles) was 
added to the 100 µl cell suspension
DNA Extraction 
The DNA was extracted separately from suspended cells using a FastDNA SPIN kit for soil. 
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Figure 0.65: Method for Sequencing Preparation - DNA Extraction 
17. NanoDrop ND-1000 was used to measure DNA concentration
16. Sample was centrifuged at 14,000 × g for 1 minute to tranfer eluted DNA to 
catch tube
15. 50 µl of DES (DNA elution solution - DNAse/Pyrogen free water) was added to 
the tube and gently stirred using vortex to resuspend the silica for efficient elution 
of the DNA
14. The Spin filter was removed and placed in a fresh kit-supplied catch tube. The 
Spin filter was air dried for 5 minutes at room temperature
13. 500 µl of SEWS-M (salt/ethanol wash solution) was added to the Spin filter 
and centrifuged at 14,000 × g for 1 minute. The flow-through was decanted and 
replaced in Spin filter catch tube. The tube was centrifuged at 14,000 × g for 2 
minutes to "dry" the matrix of residual SEWS-M wash solution
12. Binding martix was resuspended in in the remaining supernatant. 600 µl of the 
mixture was transferred to a Spin filter in a separate tube and centrifuged at 
14,000 × g for 1 minute. The catch tube was emptied and an additional 600 µl of 
the mixture was added to the spin filter and centrifuged at 14,000 × g for 1 
minute. The remaining supernatant was added to the Spin filter and spun again
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Gantt Chart 
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Chapter 1: Viva Voce 
The two year viva voce for this EngD project took place on the 25th November 2013. The viva voce examination 
was passed and the submission of corrections of the two year dissertation was not required. (The official letter and 
viva voce presentation are provided in the appendix). The primary comments as communicated by the examiners 
were: 
“The candidate has produced an interesting and worthwhile piece of work that will provide contribution to industry. 
However, the candidate needs to enhance her intellectual ambitions to ensure appropriate submission of her final 
thesis. This should be mirrored through objectives and methodology and framed within a scientific base.” 
Three major recommendations were made by the examiners which would improve the standard of this EngD 
project if taken into consideration over the next two year period. 
1. Focus more on the fundamental science of the research areas 
2. More generic description of the project site (Slough STW) to allow it to be more relatable for other sites 
3. Choose one topic area and research in more depth, i.e. full scale P recovery at Slough STW or novel P 
recovery from incinerator ash/pyrolysis biochar. 
 
It has been decided that the focus of the EngD project for the next two years will be novel P recovery from 
incinerator ash and pyrolysis biochar. The research completed to date and an outline for the experimental work is 
provided in the subsequent chapters. The novel P recovery from ash/biochar was chosen as the focus of further in-
depth research.  
 
Notes taken during the viva voce examination regarding the introductory chapters are: 
1. The journal “Water Research” do not publish case studies – therefore it is advisable that the paper planned 
for submission be written in a more generic manner which can be applied for any wastewater treatment 
works. 
2. Under the section “Environmental Drivers” the following could be added to improve the points made: 
a. The natural capital of P 
b. Fertiliser production and its effect on the environment 
c. The effect of biosolids application to land 
3. In terms of “future proofing” for this project, reference can be made to: 
a. Lower P consents are expected for some wastewater treatment works in the UK and how this will 
influence P recovery 
b. How will the recovery of P from sludge affect the use of iron/aluminium dosing in STWs? 
 
With respect to the part of the project based at Slough STW, the following suggestions were made: 
1. Alongside the depiction of wastewater/sludge, mass, P and PO4-P flows in Slough STW, it would be 
beneficial to add information on the iron flows throughout the site. This can be easily completed, as a host 
of variables were measured along with the required suspended solids, dry solids, P and PO4-P to create 
the original mass balances. 
2. What is the purpose of analysing the microbial activity of the BNR sludge at Slough STW? What 
observations are expected? The purpose of analysing the activity of microorganisms responsible for 
biological P removal in Slough STW is to understand the effects of iron dosing on the genus and species of 
the populations present. The specific P release and uptake of the microorganisms as a population is 
monitored through lab based biological P experiments. Using these data sets correlations can be drawn 
between the genus of microorganisms, the specific P release and uptake activity, and the changing iron 
dosing over time. It is possible to determine which microorganisms are most affected by changes in iron 
dosing, i.e. which microorganisms reduce or increase in population. It may also be possible to determine 
which microorganisms are most responsible for biological P release and uptake. 
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3. There is a lack of ambition with regards to the mass balances. Variation and dynamics over the yearly 
period can be displayed; the distribution of P, PO4-P and Fe can be depicted. Essentially, a more interesting 
depth of information could be provided. Much of the information to provide this depth of information is 
available, the appropriate method of displaying this information must be found. The data would benefit 
from additional statistical analysis, which can be conducted in the next two years. 
 
Recommendations with regards to the incinerator ash/pyrolysis biochar aspect of the project include: 
1. The experimental work requires more fundamentals of science. A review of literature is being conducted 
to enrich understanding of the solids to be used for the experiments and to create predictions for the 
theoretical effects of P recovery from these solids. A review of pyrolysed sewage sludge char is provided 
in the subsequent chapters. In addition to this, another review providing a more fundamental chemical 
review of the solids is in progress. 
2. Useful exercises to understand the fundamentals of the science behind P recovery from the solids would 
include: 
a. Examination of mass transfers, 
b. Particle size distribution, 
c. Partitioning of co-contaminants at various pH values 
d. Investigation of the sludge pre- and post- incineration/pyrolysis would deepen the knowledge on 
the topic 
3. A contribution to intellectual knowledge must be the focus of these novel experiments. 
 
It was suggested that this work requires setting in a UK context in order to tie together the two distinct areas of 
the EngD project. The realistic contribution of these two technologies to the recovery of P in the UK should be 
calculated. The amount by which the recovery of P using these technologies can reduce P imports to the UK should 
be estimated also. 
Following the viva voce work has centred around producing in-depth research on incineration ash and pyrolysis 
biochar, as was suggested by the external viva voce examiner. A comprehensive literature of incineration and 
pyrolysis residues is underway to improve the scientific knowledge on this area. Subsequently, this literature 
review will be used as a basis for theoretical modelling of leaching of P from solids before performing the 
laboratory based experimental work. Focus is being paid to ensuring that requirement of the contribution to 
scientific knowledge aspect of the EngD programme is achieved. 
 
 
Chapter 2: Incinerator Ash/Pyrolysis Biochar 
As described in previous six month reports, there has been preliminary work completed in investigating the 
recovery of P from incinerator ash. This work has focused on the water solubility of P in ash and determination of 
optimum parameters for P recovery. These optimum parameters are as follows: 
1. Optimum H2SO4 concentration – 0.19mol/l 
2. Optimum L/S ratio – 20ml/g 
3. Optimum contact time – 30 minutes 
Using these parameters the highest P extraction into liquid (74-82%) with the lowest Al and Fe release into liquid 
(<40%) was achieved. The graph below depicts the percentage P extraction as a function of acid concentration 
applied. It is clear that there is minimal increase in P extraction when acid concentration exceeds 0.19 mol/l.  
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Figure 66: Acid Leaching of Incinerator Ash - %P Extraction 
Since conducting this analysis in the period March 2013 – August 2013, a new pyrolysis technology is being 
introduced into Thames Water.  Due to the high operating costs associated with incineration, its implementation 
has been in declining use in the UK. Pyrolysis is becoming a more viable option for the recovery of energy from 
sewage sludge, due to its high energy conversion efficiency. Much research has been conducted into 
determination of the effects of varying temperatures on pyrolysis products, with gases and oils being the main 
focus. However, solid char residue from pyrolysis has not experienced the intensity of research which has been 
focused on incinerator ash. There exists a great opportunity to improve the knowledge understood on pyrolysis 
biochar. 
In order to improve the knowledge on the solid biochar the following methods are proposed;  
1. SEM-EDX (scanning electron microscopy coupled with energy dispersive x-ray) - physical imaging of 
particles and mineralogical data 
2. XRD (x-ray diffraction) – mineral crystalline phases 
3. FTIR (Fourier transform infrared – functional groups 
This data will provide an increased understanding on the chemical composition of pyrolysed sewage sludge. In 
order to increase the depth of analysis, a sample of sludge pre-pyrolysis will be analysed using the same methods 
mentioned above. Alongside the analysis of biochar, the same analysis will be conducted on sludge pre- and post- 
incineration for comparison. The analysis of these solids has been proposed as an MSc dissertation from the period 
April 2014 – August 2014. It is also proposed that a mass balance describing the flow of P through the pyrolysis 
unit be created. This exercise should also be completed for the incineration units at Beckton and Crossness. 
The experimental work conducted on the incinerator ash will be replicated for pyrolysis biochar. Water solubility of 
the biochar will be determined also. Research previously conducted has used sequential extraction using a range 
of solubilising chemicals to determine the solubility of species at set pH values. Prior to the practical experimental 
work planned for the solids, theoretical predictions for the experimental scheme will be undertaken. Theoretical 
based expectations can be conducted using a range of relevant equilibrium calculations. Various softwares are also 
available for this purpose; HSC Chemistry, PHREEQC and ChemSheet coupled with FactSage. 
Upon completion of the literature review the methods best suited to the above mentioned analysis will become 
more evident. 
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Appendix A: Viva Voce Letter 
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Appendix B: Viva Voce Presentation 
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Appendix C: Pyrolysis of Sewage Sludge Literature Review 
The Physical and Chemical Properties of Pyrolysed Sewage Sludge 
Introduction 
In 2010, the amount of municipal sewage sludge (MSS) produced in the EU27 was estimated at 11.5 million tonnes 
of dry solids. This is expected to rise to 13 million tonnes by 2020 as the world continues on its relentless growth 
curve of sludge production. Valorisation of this sludge is an ever increasing issue. It is estimated that the 
proportion of sludge recycled to land across the EU will remain constant at 42% in 2010, reaching 44% by 2020. 
Energy recovery from sewage sludge using thermal processes (incineration, pyrolysis, gasification) is gaining more 
consideration lately. The amount of sludge being incinerated across the world is significant, with Japan leading at 
55% sludge incineration [1]. Incinerated sewage sludge ash (ISSA) can be used for a variety of purposes including 
concrete aggregates and road construction materials. There has also been much interest and research into the 
recovery of phosphorus from ISSA either as phosphoric acid or as a fertiliser [2, 3, 4].  
However, incineration has been in declining use in the UK due to its high operating costs [5]. Pyrolysis is becoming 
a more viable option for the recovery of energy from sewage sludge, due to its high energy conversion efficiency 
[5]. Much research has been conducted into determining the effects of varying temperatures on pyrolysis 
products, with gases and oils being the main focus. The changes in structure both chemical and physical of solids 
have been examined to a certain extent. However, there remain many gaps in the research, especially related to 
the knowledge on pyrolysis char residue. 
 
Figure 1: Percentage sewage sludge incineration (Samolada & Zabaniotou, 2014) 
 
Differences Between Incineration and Pyrolysis 
There are major differences between the incineration and pyrolysis processes, the most important being the 
absence or presence of oxygen. Incineration is the combustion of waste in excess oxygen which recovers heat to 
create steam that produces power through steam turbines [1]. The main aim is the complete oxidation of organic 
compounds in sludge. Solids are burned at high temperatures in a combustion chamber with excess oxygen to 
form carbon dioxide and water, leaving an inert solid ash [6].  Thames Water’s Beckton and Crossness sewage 
sludge incinerators operate at temperatures between 850-950°C. The incinerator must operate above 850°C to 
ensure minimal dioxin formation, but below 950°C to ensure slag formation (melting of ash) does not occur. 
Pyrolysis is the thermal decomposition of waste in an inert (oxygen deficient) atmosphere under pressure which 
produces gas, liquid and solid [1, 6]. Sludge is converted into char, ash, pyrolysis oils, water vapour and 
combustible gases [6]. Pyrolysis is similar to the process used for the production of charcoal [7]. There are two 
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types of pyrolysis systems; fast and slow pyrolysis. Fast pyrolysis is carried out at high heating rates, moderate 
temperatures (500°C), short gas residence times (<2s) with quick quenching of vapours [6]. The main product from 
fast pyrolysis is pyrolysis liquid also known as bio-oil or pyrolysis oil [8]. Slow pyrolysis is conducted at milder 
temperatures (350-600°C) and heating rates [1]. The pyrolysis process used in Mitcham is known as ‘flash 
pyrolysis’; pyrolysis occurs at temperatures of 850°C for a duration of 2 minutes.  
The reactions occurring in pyrolysis alter the molecular structure of the solids and release CO2, leading to 
‘carbonized’ solids [6]. Pyrolysis produces fewer pollutants (dioxins and furans) than incineration due to the lower 
temperatures and absence of oxygen. The low operating temperature leads to fewer gaseous pollutants, as a 
result of this heavy metals remain trapped within the solid carbonaceous matter [1].  
Table 16: Differences between incineration and pyrolysis 
 
The economic viability of pyrolysis is a barrier to its uptake. The viability of pyrolysis could be substantially 
improved if the gases are used as a fuel and the pyrolysis liquids are used for the production of chemicals. The 
resulting solids from pyrolysis have been identified as potential adsorbents for the removal of pollutants such as 
H2S and NOx in gaseous streams. Other applications for pyrolysis solids include the production of activated carbon 
and use of biochar as a soil amendment [1, 9]. Char has been recognised as a useful soil amendment due to its high 
nutrient content [10]. Char produced at lower temperatures is suitable for agricultural uses, while high 
temperatures increase the porosity of char leading to its suitability for use as a contaminant absorbent in soil [11]. 
There has been little research, as far as the author is aware, into the removal of phosphorus from biochar and the 
production of a P-rich fertiliser as is a current path of research for ISSA. In fact there has been little research into 
the fate of phosphorus through the pyrolysis process. Reference has been made to the recovery of phosphorus 
and potassium from dried sludge prior to pyrolysis to increase the economic viability of the system. However, little 
focus has been paid to the removal of nutrients from the solid residue of pyrolysis biochar [1]. 
Review of Previous Pyrolysis Research 
Kistler et al., 1987. “Behaviour of Cr, Ni, Cu, Zn, Cd, Hg and Pb during the Pyrolysis of Sewage Sludge” 
The earliest work found researching the pyrolysis of sewage sludge was conducted by Kistler et al. in 1987. The 
authors studied the behaviour of heavy metals such as Cr, Ni, Cu, Zn, Cd, Pb and Hg during pyrolysis of sewage 
sludge. It was found that Cr, Ni, Cu, Zn and Pb were highly immobile in the residue up to a temperature of 750°C 
due to the high H+ buffering capacity and the alkaline properties of char. Chars with a high pH suppressed heavy 
metal release, although pH values above 12 allowed Al, Cr, Zn and Pb solubility from char as hydroxo complexes 
were formed. Cd was of particular interest as it behaved differently to the other metals. At 505°C Cd remained 
within the solid residue, but at 750°C Cd transferred to the off-gas. The Cd compounds were reduced to their 
metallic form and evaporated. Similarly to Cd, Hg also evaporated at temperatures as low as 350°C with removal 
rates of 97% from the sludge. Hg is a highly volatile metal with most compounds evaporating below 500°C. In 
digested sewage sludge, Hg is most likely present as a sulphide; this reduces to its metallic form and is evaporated 
during pyrolysis [12].  In the pyrolysis trails being conducted at Mitcham by Thames water is it expected that the 
solids will contain little Cd and Hg at most of these metals should have evaporated at low temperatures. 
Bridle & Pritchard, 2004. “Energy and Nutrient Recovery from Sewage Sludge via Pyrolysis” 
Bridle & Pritchard (2004) are one of the first researchers found who highlighted the potential to recover nutrients 
from pyrolysed sewage sludge. They note that “pyrolysis have typically been used only for energy recovery…No 
Incineration Pyrolysis 
Exothermic 
Produces energy and ashes (ISSA) 
Toxic volatile organic compounds (VOC’s) 
Endothermic 
Low operating temperatures 
Inert (oxygen-free) atmosphere 
Less pollutants produced 
Produces bio-oil, combustible gases and biochar 
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attempt was however made to recover and reuse sludge nutrients.” They note that no research in 2004 had 
investigated the nutrient value of char. Laboratory scale soil studies were conducted to confirm the nutrient 
availability in biochar. The results showed that the P is plant available, but the N was insoluble in soil. Research 
conducted by Bridle & Pritchard in 1986 found that pyrolysis removes Hg from the conversion products of pyrolysis 
and heavy metals are confined as sulphides in the biochar. More research by the same authors carried out in 1990 
found that contaminants such as PCBs, insecticides, pesticides, pathogens and viruses were either catalytically or 
thermally destroyed as a result of pyrolysis. Due to this destroying of contaminants, it was suggested that biochar 
would make an acceptable soil amendment. Monitoring of the dried sludge pellets entering and solids leaving the 
pyrolysis process showed that “essentially” all of the phosphorus and 55% of the nitrogen was retained in the 
biochar. Sequential extraction was performed to characterise and compare the available phosphorus in biochar, 
dried sludge pellets and sludge cake. Biochar had a lower percentage water soluble P than dried sludge pellets or 
sludge cake, but bicarbonate extractable P was similar in content to pellets. The NaOH extraction revealed that the 
P is Fe or Al bound. Extractions using HCl acid displayed that the char contains Ca bound inorganic P. The binding of 
P to other elements will depend upon the feedstock characteristics and the processes used upstream in the 
wastewater treatment plant. 
Hwang et al., 2007. “Characteristics of Leachate from Pyrolysis Residue of Sewage Sludge” 
In 2007, Hwang et al., compared the leaching characteristics of pyrolysed and incinerated sewage sludges. It was 
found that most metals from the sewage sludge remained in the pyrolysed sewage sludge, including Cd as 
pyrolysis was conducted at 500°C. During incineration, the metals Cd, Pb and Zn appear to have volatilised. This 
was in agreement with the findings of Kistler et al. (1987). Leaching experiments were conducted by Hwang et al. 
using distilled water to simulate landfill conditions on biochar and ISSA. It was found that Cd, Cr, Pb and Zn were 
immobilised in the pyrolysis char. Alkali metals (Na and K) were released more easily compared to heavy metals 
(Cd, Cr, Pb, Zn, Cu and Mg). The high acid-buffering pH of the incineration ash and the surface properties of 
pyrolysis char are offered as reasons for the immobilisation of metals in the solids [13]. The results of the distilled 
water leaching experiments are outlined in Table 17 below. (Note SS: sewage sludge, SP: Pyrolysis sludge, SI: 
Incinerator sludge.) While most of the metals remained immobilised in the pyrolysed sludge, greater 
concentrations of some metals were removed from pyrolysed sludge than incinerated sludge, i.e. Cr, Pb, Zn and 
Mg. Observing Mg, 54 times the amount of Mg released by incinerated sludge was released by pyrolysed sludge 
during distilled water leaching. It is a useful characteristic for this study which aims to produce a fertiliser from 
char that Na, K and Mg (important plant nutrients), were leached more easily from the char compared to heavy 
metals (especially Cd which is harmful to plants). 
Table 17: Results of leaching experiments (Hwang et al., 2007) 
 
Note SS: sewage sludge, SP: Pyrolysis sludge, SI: Incinerator sludge 
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Abrego et al., 2009. “Structural Changes of Sewage Sludge Char during Fixed-Bed Pyrolysis”  
Hwang et al. suggested that the surface properties of pyrolysis char is responsible for its leaching behaviour. 
Following on from this, Abrego et al.’s 2009 study investigated the structural changes of char during pyrolysis of 
sewage sludge. Ultimate element analysis was conducted on chars at varying temperatures (300°C - 900°C) to 
determine the changes experienced in the mass proportions of each element under pyrolysis. Figures 2 and 3 
below display the results of the ultimate element analysis. It was found that C the char varied very little, with slight 
decrease between 400-700°C. The total C content decreased from 40% to 10% at the final temperature of 900°C. 
Amounts of N and H decreased at increasing pyrolysis temperatures. H displayed a near 100% weight loss at the 
final temperature; with N mirroring the behaviour of H. H had a pronounced weight loss between 300-400°C, while 
N continuously lost weight from 400-900°C. This indicated a strong relationship with temperature regarding the 
evolution or decomposition of hydrocarbons. It was noted that N disappears from solid between 300-400°C; this is 
attributed to the decomposition of less stable amino acid structures, resulting in ammonia formation. S showed a 
slight and constant increase indicating that it is not affected by temperature and remains within the inorganic 
structures of the solid phase char. A minor amount of S forms H2S which leaves the sewage sludge as a gas at low 
temperatures of 400°C (as detected by chromatography analysis). 
 
Figure 67: Ultimate element analysis of sewage sludge and chars (relative mass proportions) [14] 
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Figure 68: Ultimate element analysis of sewage sludge and chars (based in initial weight of sludge) [14] 
XRD analysis was conducted on the pyrolysis biochar to examine the mineral phases present in the samples. 
Increasing temperatures resulted in greater amounts of crystallographic phases present in char; sharp peaks in 
crystalline presence occurred at a temperature of 900°C. This is explained by a reduction of amorphous organic 
phases, increasing ash during pyrolysis and the formation of new crystal structures from species combining during 
the decomposition of materials. Detailed analysis of char is difficult due to its heterogeneous composition; only 
well-defined structures can be identified. (The heterogeneity of the char is evidenced by the SEM images, which 
also show the increased fibrous structure after pyrolysis). Quartz (SiO2) was the most identifiable crystalline phase 
across all temperatures. Calcite (CaCO3) was detected for all chars up to 700°C, past this temperature carbonates 
decompose and are not apparent in high temperature pyrolysis. Silicates, feldspars and sulphides were present in 
high temperatures. Barringerite (iron phosphide) and oldhamite (calcium sulphide) are identified in chars at 900°C. 
Oldhamite is typically formed under extremely reducing conditions. S was found mainly as Ca and Fe sulphates. 
Most of the organic sulphur reacts with inorganic cations to form sulphides during pyrolysis. P was not quantified, 
but it appears to show a similar trend to S; forming metal phosphides that remain in the char. A summary of XRD 
findings is provided in the table below. At the pyrolysis temperature of 850°C used at the Mitcham pyrolysis unit, it 
is expected that the following minerals may be present; quartz (SiO2), feldspars: albite (NaAlSi3O8) and anorthite 
(CaAl2Si2O8), calcium oxide (CaO), oldhamite (CaS), troilite (FeS) and pyrrhotite (Fe(1-x)S [x=0-0.2]). The silicate 
almandine (Fe32+Al2(SiO4)3) and barringerite (Fe2P) may be present. 
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Figure 69: SEM image of sewage sludge before and after pyrolysis at 900°C [14] 
 
Table 18: Crystallographic structures identified by XRD (Abrego et al., 2009) 
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The BET surface area was very small for chars pyrolysed at 600°C, but reached 124m2/g at 900°C. It is reasoned 
that this may be due to the blocking of pores caused by volatile compounds. As temperatures rose, volatiles 
cracked and were released from the solid. BET surface areas increased as gases are released. Increased BET surface 
area may have occurred as a result of mesopore formation from widening micropores. The increasing BET surface 
area at high temperatures was associated with an increase in CO generation. The micropore surface area increases 
until temperatures reach 800°C at which they decrease. This could be due to the high CO evolution rates achieved 
by this temperature. 
A summary of findings for the temperature range 800-900°C was listed by Abrego at el, the most relevant of which 
are provided below. 
1. CO2 flow rate decreases steadily in the temperature range, whereas CO displays the opposite trend. 
2. CaCO3 decomposition occurs at these temperatures and may explain ‘second-stage’ CO2 formation. As a 
result of this CaO is formed (shown by XRD analysis). 
3. S is still forming part of the char as a constituent of inorganic sulphides. Some S transfer reactions 
between metallic cations are evidenced by XRD analysis.  
4. S tends to move from Fe compounds to Ca ions. This is proven by the decrease in CaO to form CaS. 
5. BET surface area increases with temperature. 
 
Hossain et al., 2009. “Thermal Characterisation of the Products of Wastewater Sludge Pyrolysis” 
Hossain et al. (2009) also recognised the limited literature available regarding the properties of biochar produced 
from the pyrolysis of sewage sludge. Their research investigated the fundamental properties of three different 
sewage sludges from different sources; commercial, domestic and industrial. The aim of the paper was to 
determine if the pyrolysis process is energy neutral. It was found that the sludge samples were very high in mineral 
matter, ranging from 62-82%. The trace element analyses of the sludges before and after pyrolysis are provided in 
the tables. (Note B: commercial sludge, C: domestic sludge, M: industrial sludge). In all cases the trace element 
concentrations in sludges increased after pyrolysis. These results were not analysed further and no explanation for 
the increase is offered, because this was outside the scope of Hossain et al.’s research. The authors also analysed 
the mineralogical makeup for the sludges before pyrolysis using XRF analysis. However, the mineralogical changes 
of the sludges after pyrolysis were not investigated. Hossain et al. (2009) concluded that their studies should 
expand to examine the bioavailability of the trace elements in sewage sludge char to determine their agricultural 
potential. 
Table 19: Trace element analysis of wastewater sludge (Hossain et al., 2009) 
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Table 20: Trace element analysis of pyrolysed sewage sludge [10] 
 
Note B: commercial sludge, C: domestic sludge, M: industrial sludge 
Hossain et al., 2011. “Influence of Pyrolysis Temperature on Production and Nutrient Properties of 
Wastewater Sludge Biochar” 
Following on from this, Hossain et al. (2011) conducted research into the influence of pyrolysis temperature on 
nutrient properties of biochar. It was found that biochar produced at low temperatures was acidic, whereas 
biochar produced at higher temperatures (700°C) was alkaline in nature. Total N concentration of char decreased 
with increasing temperature, but P increased proportional to temperature, as shown in the figure below. The 
reduction of N is due to the possible volatilisation of N during pyrolysis. N is removed by the loss of NH4-N and 
NO3-N fractions along with other volatile matter containing N groups. At increased temperatures N is transformed 
into a pyridine-like structure. (Pyridine is a basic heterocyclic organic compound [C5H5N] [15]). NH4-N 
concentrations decreased rapidly with temperature. It is said to be very unlikely that the total N present in char is 
available for plant uptake as it is organically bound in a form which is resistant to breaking down by chemical 
processes. In contrast to N, P increased with increasing pyrolysis temperature, as displayed in the graph. The plant 
available P (Colwell P) ranged from 492.5 mg/kg at 300°C to 527.5 mg/kg at 700°C. It is expected that plant 
available P may increase with enhanced temperatures of 850°C at the Mitcham pyrolysis process. DPTA 
(diethylene triamine pentaacetic acid) is an extraction method to estimate the plant availability of trace elements. 
DPTA extractability of Cd, Cu, Mn and Zn was lower in biochars than in the original sludge samples. They suggest 
that the pyrolysis process reduces the bioavailability of the trace elements. The element bioavailability varies 
considerably across each element for all temperatures. This is due to the changing chemical forms during the 
pyrolysis process. 
 
Figure 70: Changes in total N, P and K concentration in sludge samples and biochars [16] 
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Fonts et al., 2012. “Sewage Sludge Pyrolysis for Liquid Production: A Review” 
In 2012, Fonts et al. wrote a review of the production of liquid from sewage sludge pyrolysis. The focus of this 
review highlights the fact that there has been little attention paid to the solid residues from pyrolysis. Fonts et al. 
briefly note a few characteristics of char, including the observation that heavy metal in sewage sludge are 
concentrated in char and these are more resistant to leaching than the heavy metals present in ash as a result of 
incineration. XRD and FTIR analyses of char have shown they contain many inorganic compounds such as metal 
oxides and sulphides, calcium carbonate, alumina-silicates and quartz. The chars have a porous nature due to the 
remaining organic fraction. Fonts et al. report the alkaline nature of char with pH rising with pyrolysis temperature. 
This has been attributed to the removal of acidic oxygen-containing surface groups from the organic fraction. The 
H/C atomic ratio is low which is explained by the predominance of aromatic structures. The aromatic structure is 
more noticeable at higher pyrolysis temperatures. Lastly, Fonts et al. recognise that sewage sludge contains P, 
which is a scarce and expensive element. They note that many attempts have been made to recover P from ISSA 
and this recovery could also be pursued for pyrolysis char. This conclusion is useful in supporting the objective of 
this research; the recovery of P from pyrolysis char. 
Agrafioti et al., 2013. “Biochar Production by Sewage Sludge Pyrolysis” 
Agrafioti et al. (2013) researched the effects of pyrolysis temperature, residence time and the chemical 
impregnation of biomass with chemicals to improve the biochar yield. These parameters are set by the operators 
of the pyrolysis unit in Mitcham therefore the effects of varying conditions cannot be assessed by the current 
research project. Data useful for this project is the elemental and physical information provided by Agrafioti et al. 
in their research. As displayed in the table, Agrafioti et al. found that increasing temperatures reduced the C, H and 
N contents of the biochars; this is in agreement with Hossain et al., 2011. It was suggested that the reduction in C, 
H and N was due to the volatilisation of the elements during pyrolysis. Similar to Abrego et al., 2009, it was found 
that increasing pyrolysis temperature enhanced the biochar BET surface area. This change is attributed to the 
altering chemical structure of the feedstock during pyrolysis. Increasing temperatures enrich biochar aromaticity, 
generating micro- and mesopores which result in greater surface areas. However, the high ash content of sewage 
sludge does not favour the development of large surface areas. This implies that the characteristics of the 
feedstock affect the porous structure. Low surface areas may be due to ash filling or blocking access to biochar 
micropores. Using the TCLP (toxicity characteristic leaching procedure) it was found that the biochar significantly 
suppressed metal leaching. The table below summarises the findings. The close and neutral pH values of the raw 
sludge and biochar explain why the heavy metals were not significantly leached. However, the metals leached 
from char were lower than sludge indicating that metal suppression does not depend solely on pH. The biochar 
pore structure and surface area may improve the ability to immobilise metals. The adsorption capacity of biochar 
was examined by Agrafioti et al. also. While possibly not relevant for the current research it is worth noting that it 
is reported that biochar has a negative surface charge. The large charge density of the biochar surface area allows 
it to adsorb cations readily. 
Table 21: pH and heavy metal leaching concentration of sewage sludge and biochar at 300°C [11] 
 
 
 
Sample pH Cu Ni Pb Cr 
Raw sewage sludge 5.9 5.51 2.23 1.04 0.40 
Biochar 6.0 0.17 0.14 0.74 0.11 
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Table 22: Summary of chemical and physical characteristics of sewage sludge biochar from various studies 
Property Bridle & 
Pritchard, 2004 
Abrego et al., 
2009 
Hossain et al., 
2009 
Hossain et al., 
2009 
Hossain et al., 
2011 
Hossain et al., 
2011 
Agrafioti et al., 
2013 
Agrafioti et al., 
2013 
Waqas et al., 
2013 
Pedroza et al., 
2014 
 Sewage sludge 
@ 450°C 
Urban sewage 
sludge @ 
900°C 
Commercial 
sludge @ 
550°C 
Domestic 
sludge @ 
550°C 
Sewage sludge 
@ 300° 
Sewage sludge 
@ 700°C 
Domestic 
sludge @ 
300°C 
Domestic 
sludge @ 
500°C 
Sewage sludge 
@ 550°C 
Domestic 
sludge @ 
500°C 
Calcium %     3.47 5.35     
Carbon % 47      39.7 9.8 21±1.1 15.1 
Hydrogen % 2.8      4.1 0.4  2.2 
Iron %     7.8 11     
Magnesium %     0.35 0.54     
Nitrogen % 6.4      7.1 2.1 2.8±0.4 3.2 
Phosphorus % 5.61          
Sulphur % 0.5    4.47 6.17   2.3±0.1  
Ammonium mg/kg         10±0.6  
Antimony mg/kg   8.4 4.9       
Arsenic mg/kg 2.0  6.7 5.9     12±0.7  
Barium mg/kg   470 230       
Beryllium mg/kg   1.0        
Boron mg/kg   48 13       
Cadmium mg/kg 3.0  3.2 1.5 2.62 3.22   2.7±0.03  
Cobalt mg/kg   69 13       
Copper mg/kg 2,600  2700 800 1150 1500   210±6  
Chromium mg/kg 80  98 120 107.5 83     
Lanthanum mg/kg   37 32       
Lead mg/kg 5.0  410 38 115 132   82±2  
Manganese mg/kg   24 940       
Mercury mg/kg 0.2          
Molybdenum mg/kg   17 18       
Nitrate mg/kg         3.9±0.4  
Nickel mg/kg 35  220 160 182.5 195     
Selenium mg/kg   7.1 4.0       
Silver mg/kg   43 12       
Strontium mg/kg   200 160       
Tin mg/kg   230 140       
Vanadium mg/kg   26 23       
Yttrium mg/kg   8.0        
Zinc mg/kg 1,700    1675 2175   2080±114  
Zirconium mg/kg   240 140       
Volatile solids 65          
Ash 35         70.3 
Surface area m2/g  124     4.0 18 4.1±0.02  
pH         7.3-7.5  
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Table 8: Methods Used to Characterise Biochar 
Analysis Method Reference 
Functional groups of char FTIR (Fourier transform infrared spectra) Abrego et al., 2009 
Mineral crystalline phases XRD (X-ray diffraction) Abrego et al., 2009 
Biochar surface area BET (Brunauer-Emmett-Teller) surface 
area 
Abrego et al., 2009; Agrafioti et al., 2013 
Imaging of physical characteristics SEM (Scanning electron microscopy) Abrego et al., 2009 
Mineralogy of char XRF (X-ray fluorescence) Hossain, et al., 2009 
 
Findings Relevant for Mitcham Pyrolysis Biochar 
1. Low Cd and Hg content in biochar [12] 
2. “Essentially” all of the phosphorus entering the pyrolysis unit remains in the biochar residue [9] 
3. Alkali metals (Na and K) are released more easily from biochar leaching with distilled water compared to 
heavy metals (Cd, Cr, Pb, Zn, Cu and Mg) [13] 
4. Low %age (by weight) of C may be present with H and N reaching 0% [14] 
5. The following minerals should be present; quartz (SiO2), feldspars: albite (NaAlSi3O8) and anorthite 
(CaAl2Si2O8), calcium oxide (CaO), oldhamite (CaS), troilite (FeS) and pyrrhotite (Fe(1-x)S [x=0-0.2]). The 
silicate almandine (Fe32+Al2(SiO4)3), and barringerite (Fe2P) may be present [14] 
6. Total N concentration of char will decrease with increasing temperature, but P should increase 
proportional to temperature [16] 
7. Plant available P may increase with enhanced temperatures of 850°C at the Mitcham pyrolysis process 
[16] 
8. Pyrolysis process reduces the bioavailability of the trace elements, Cd, Cr, Mn, Zn [16] 
 
Conclusion 
It is clear from reviewing the literature that while there has been some investigation into the physical and chemical 
characteristics of pyrolysis biochar from sewage sludge, certain knowledge is still lacking. This is especially true in 
terms of the knowledge understood about the fate of phosphorus in the pyrolysis process. Recycling the char as a 
soil amendment has been studied by many authors. The reuse of char has consisted of applying the char directly to 
land in its post-pyrolysis state. There have been no attempts to refine the char product, i.e. removing the nutrients 
into solution and turning this into a highly pure substance, as is the current vein of research for ISSA. 
In order to contribute to the knowledge on this subject, the first step would consist of characterising the sludge 
prior to pyrolysis and comparing this to the pyrolysed char. This characterisation would include XRF, SEM, XRD and 
BET surface area analysis. The main focus of the characterisation may be P, as there has been very little written on 
the fate of P through pyrolysis. In parallel to this the ISSA samples from Beckton and Crossness incinerators will 
also be characterised to provide a comparative study. Following on from this, it is suggested that the methods 
used to remove P from ISSA be repeated for the char sample. These methods include the leaching of P using 
sulphuric and hydrochloric acids and varying the liquid/solid ratios. This research would be compared to the 
removal of P from Beckton and Crossness ISSAs using the same methods. 
Overall there appears to be great opportunity to contribute to knowledge in this field by characterising the 
physical and chemical characteristics of Mitcham char with special attention being paid to the fate of P in pyrolysis. 
The novel aspect of the research would be the conducting of acid leaching procedures typically used for the 
removal of P from ISSA on the biochar from Mitcham. 
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Figure 71: Gantt Chart 
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Monthly To Do List 
September 2014 
1. 6 month report 
2. EBPR paper 
3. Ecological Economics Book Review 
4. Brief Description of Resource Conservation & Recycling Special Issue paper 
5. Repeat XRD, XRF analysis 
 
October 2014 
1. EBPR paper  
2. Extended Description of Resource Conservation & Recycling Special Issue paper 
3. Resource Conservation & Recycling Special Issue workshop (28th October Stuttgart) 
4. P extraction at different L/S ratios, acid molar concentrations and contact times 
5. P & Other Metal Release from ISSA & PSSC at static pH values 
6. Literature review - Determine Methods for P Release from P Species 
7. Literature review - Crystallisation methods 
8. Software modelling of P release 
9. Software modelling of P crystallisation 
10. Outline of thesis 
11. Introduction 
12. Scope & Objectives 
13. Methodology 
 
November 2014 
1. EBPR paper 
2. Resource Conservation & Recycling Special Issue paper 
3. Porosimetry of PSSC before and after acid leaching 
4. Literature review - Determine Methods for P Release from P Species 
5. Literature review - Crystallisation methods 
6. Software modelling of P release 
7. Software modelling of P crystallisation 
8. Release of P into solution 
9. Crystallisation of P 
10. Communication Management module 
 
December 2014 
1. EBPR paper – submit 
2. Release of P into solution 
3. Crystallisation of P 
4. Literature Review 
 
January 2015 
1. Resource Conservation & Recycling Special Issue paper 
2. Journal Paper on Characteristics & P Release from ISSA & PSSC 
3. Release of P into solution 
4. Crystallisation of P 
5. Introduction 
6. Literature Review 
 
February 2015 
1. Submit Resource Conservation & Recycling Special Issue paper (28th February) 
2. Journal Paper on Characteristics & P Release from ISSA & PSSC 
3. Analysis of other PSSC Options 
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4. Analysis of Economics of Pilot Scale P from ISSA & PSSC Process 
5. Contribution of P Recovery Options to UK P Fertiliser Imports 
6. How to Achieve 100% Self-Sufficiency in P Fertiliser 
7. Impacts & Thoughts on P Recovery from Thames Water BioSolids Team 
8. P Recovery from Site Operators Point-of-View 
9. Scope & Objectives 
10. Methodology 
11. Results & Discussion 
12. Prince2 
 
March 2015 
1. Journal Paper on Characteristics & P Release from ISSA & PSSC 
2. Contribution of P Recovery Options to UK P Fertiliser Imports 
3. How to Achieve 100% Self-Sufficiency in P Fertiliser 
4. Impacts & Thoughts on P Recovery from Thames Water BioRecycling Team 
5. P Recovery from Site Operators Point-of-View 
6. Journal Paper on Sustainable Phosphorus Management 
 
April 2015 
1. Submit Journal Paper on Characteristics & P Release from ISSA & PSSC 
2. Contribution of P Recovery Options to UK P Fertiliser Imports 
3. How to Achieve 100% Self-Sufficiency in P Fertiliser 
4. Impacts & Thoughts on P Recovery from Thames Water BioRecycling Team 
5. P Recovery from Site Operators Point-of-View 
6. 6 month report 
 
May 2015 
1. Introduction 
2. Literature Review 
3. Results & Discussion 
4. Sustainable Phosphorus Management 
 
June 2015 
1. Literature Review 
2. Results & Discussion 
3. Sustainable Phosphorus Management 
 
July 2014 
1. Literature Review 
2. Scope & Objectives 
3. Methodology 
4. Results & Discussion 
5. Sustainable Phosphorus Management 
6. Conclusions 
 
August 2015 
1. Results & Discussion 
2. Sustainable Phosphorus Management 
3. Conclusions 
 
September 2015 
1. Conclusions 
2. HAND UP THESIS 
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Chapter 1: Comparison of ISSA & PSSC 
1.1 ISSA & PSSC Characterisation 
An important stage in designing a process to recover P from ISSA & PSSC is to determine the initial characteristics 
of the solids. Knowing the P content and forms of P contained within the solids will help determine the most 
appropriate methods for removing and recovering P. Based on the literature review (provided in Appendix A) the 
following methods were used by other researchers to compare and characterise incinerated sewage sludge ash 
(ISSA) and pyrolysed sewage sludge char (PSSC): 
 SEM 
 XRD 
 XRF 
 Sekiya method of P fractionation 
Along with these methods water solubility and acid (H2SO4) leaching of solids was conducted to determine the 
ease of releasing P from solids into solution. 
Following a report commissioned by the Sludge & Energy team in Thames Water it has been decided that the 
porosimetry of PSSC should be analysed. PSSC has the potential to be used as an activated carbon media to 
remove P from wastewater. In order to increase the adsorption of PSSC the material must be activated, which can 
be achieved by acidulation. Therefore, the porosimetry of the PSSC will be analysed before and after acid leaching. 
Adsorption tests will also be conducted on the solids before and after acid leaching. If it is possible to reuse the 
PSSC to remove P from wastewater this provides a solution to the dilemma of what is to be done with the solids 
after P recovery. 
1.1.1 SEM Analysis 
The SEM analysis provided some interesting images which can be used to visualise the differences in the structure 
of ISSA and PSSC. However, this analysis did not provide much other useful information compared to other analysis 
conducted. 
 
Figure 72: SEM Image of ISSA 
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Figure 73: SEM Image of PSSC 
1.1.2 XRD & XRF Analysis 
The report resulting from the XRD and XRF analysis conducted by Brunel University is provided in Appendix B. The 
following samples were analysed using XRD & XRF analysis: 
 Dried sludge feed to the pyrolysis unit 
 Pyrolysed sewage sludge char (PSSC) 
 Incinerated sewage sludge ash (ISSA) from Beckton incinerator 
 Incinerated sewage sludge ash (ISSA) from Crossness incinerator 
It was found that the solids mostly contained Ca-P bound forms such as whitlockite, which was very prevalent in 
the literature. The presence of Ca-P bound forms is supported by the sekiya method of fractionation discussed 
subsequently. Additional XRF & XRD analysis will be undertaken to determine the P forms in newer Beckton and 
Crossness ISSA along with the feed sludge into the incinerators. 
1.1.3 Sekiya Fractionation 
The Sekiya method of P fractionation was found in Zhang et al. (2001). The method which is generally applied to 
soils is used to determine the quantity of P that is Ca, Al and Fe bound. This is a useful method for comparing the P 
forms between ISSA and PSSC using a quantitative method and supports XRD results. Previous sekiya methods 
used by other researchers are described and compared in Appendix C. The method followed for the sekiya fraction 
P contained within ISSA and PSSC was described by Phimsirikul & Matoh (2003) as follows. 
Sekiya Method of P Fractionation from Phimsirikul & Matoh (2003) 
1. 500mg ash extracted with 30ml of 2.5% (v/v) acetic acid – shaken for 2 hours 
2. Suspension centrifuged – supernatant collected 
3. Soil left over in tube washed twice with 15ml of 1 M NH4Cl – both washed solutions added to extract of 
acetic acid – filled up to 60ml with distilled water (Solubilized Ca-P) 
4. Soil sample extracted with 30 ml of 1 M NH4F (pH 7) – shaken for 1 hour and centrifuged – collect 
supernatant (Solubilized Al-P) 
5. Soil sample washed twice with 10 ml of saturated NaCl solution – discarded 
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6. Soil sample extracted with 30 ml 0.1 M NaOH – shaken for 17 hours  – centrifuged – collect supernatant 
(Solubilised Fe-P) 
7. Each extract filtered through 0.20 mm membrane filter 
8. Fraction of each was digested with HNO3-H2SO4 to determine total extracted P – done by Spencer House 
Results from this analysis display that much of the P is indeed Ca bound as confirmed by XRD analysis. Most work 
needs to be carried out in linking results from this analysis to results from XRF & XRD analysis. 
 
Figure 74: Sekiya Fractionation Results (Saber 2014) 
1.1.4 Acid Leaching 
Acid leaching of PSSC was conducted to determine the quantities of P and metals released at various molar 
concentrations of sulphuric acid. This experiment was conducted as a continuation of the previous year’s MSc 
dissertation in which Beckton and Crossness ISSA were leached using sulphuric acid. A graph was produced 
showing the H2SO4 molar concentrations versus %P extraction. The aim of this year’s MSc was to compare the 
leaching of P from PSSC and ISSA (Beckton and Crossness) by replicating the graph showing the %P extraction from 
all samples. The graph produced is provided below. It is clear that the leachable P plateaus after 0.19 mol/l H2SO4. 
While the P released from PSSC is less than ISSA samples, figures 4 & 5 depict that metal release from PSSC is 
significantly less than metal released from ISSA samples. The reasons for this disparity have yet to be examined in 
full. 
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Figure 75: %P Extraction from ISSA & PSSC (Saber 2014, adapted from Fonseca 2013) 
 
 
Figure 76: P & Metal Extraction from Beckton ISSA (Fonseca 2013) 
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Figure 77: P & Metal Extraction from PSSC (Saber 2014) 
 
1.2 Next steps 
1.2.1 New ISSA Samples 
Newer ISSA samples are currently being collected to discover if the older samples have changed with time and to 
determine if any significant changes have occurred onsite since the sampling of the previous ashes. Initial analysis 
has shown the newer ISSA contains less P than older ISSA. The reasons behind this are under investigation. Water 
solubility and acid leaching have been conducted on these ashes with results being awaited. The results will be 
compared against the older ashes. If the new ashes are significantly different from the older ashes remaining 
experiments will be conducted using the older ashes as all experiments have been carried out using the same older 
ashes. 
1.2.2 Duplicate XRD & XRF Analysis 
It was decided that duplicate analysis must be conducted to ensure the results are correct. The repeat analysis 
along with the previous samples will this time include: 
 New incinerated sewage sludge ash (ISSA) from Beckton incinerator 
 New incinerated sewage sludge ash (ISSA) from Crossness incinerator 
 Feed sludge to Beckton incinerator 
 Feed sludge to Crossness incinerator 
The aim of analysing newer ISSA samples is to determine if major changes have occurred on site affecting the 
forms of P in the solids. The analysis of feed sludge to the incinerators is done to provide a full view of the changes 
in P forms incineration affords on the solids. 
1.2.3 % P Extraction at Different L/S Ratios 
Research conducted to date on the acid leachability of P at different sulphuric acid molar concentrations has 
utilised the liquid/solid (L/S) ratio of 20. Moving forwards lower L/S ratio experiments will be carried out to 
determine P extraction percentage. LS ratios of 10 and 5 will be investigated. It is thought a LS ratio of 2 may be 
too low to allow proper mixing and separation of liquids and solids at the end of the experiment. H2SO4 molar 
concentrations of 0.19 M and 0.3 M will be utilised for the lower LS ratio experiments. 
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Along with reducing LS ratio the contact time between liquids and solids will be increased to 24 hours. It is thought 
that a longer contact time may release more P from solids at a lower LS ratio. This experiment will be conducted as 
a test and may not be repeated with all solids depending upon the results. 
1.2.4 Release of Elements at Static pH Values 
In order to further characterise ISSA & PSSC, P release at static pH values will be determined. Co-contaminants 
such as Pb, Fe, etc. leached from the solids at the static pH values will also be measured. The use of static pH 
values to determine optimum percentage P extraction will be useful in developing a pilot scale P recovery from 
PSSC & ISSA process. Having a set pH value to achieve allows more easy operation of processes. The pre-
determined optimum L/S ratio, sulphuric acid molar concentration, and contact time will be used in these 
experiments. 
1.2.5 Literature Review of Methods to Release P from Solids 
Following the completion of the characterisation of ISSA & PSSC, a literature review must be completed to find 
other methods for releasing P into solution. Current methods utilise large quantities of acid to release P from 
solids. Knowing the forms of P in PSSC & ISSA it should be possible to discover a method of releasing P into solution 
using less acid or other solutions. 
 
1.2.6 Literature Review of P Crystallisation 
After P has been released into solution it is then necessary to determine how to crystallise the P into a usable 
fertiliser form. This will most likely be in struvite form, but the literature review will reveal the best form for P 
crystallisation.  
1.2.7 Software Modelling 
PHREEQC software will be used to theoretically predict the outcome of experiments. The removal of P using H2SO4 
and crystallisation will be modelled using this software. The functionality of the software must be learned first to 
discover the other options available to model using the software. 
1.2.8 P Crystallisation 
The ultimate aim all the experiments is to crystallise P into struvite (or other) for use as a fertiliser. Struvite is a 
compound composed of Mg, PO4-P and NH4. While P can be recovered from ash, the question still remains for 
other waste stream which could be used to form struvite. Therefore, it is thought that digested sludge liquors 
which are high in ammonia can be used as part of the struvite compound. The concept of this will be tested 
towards the end of the experiments to remove P from ISSA & PSSC into solution. By measuring PO4-P, Mg and NH4 
concentrations before and after crystallisation it should be possible to determine by molar ratios if struvite has 
been precipitated. It has been learned that it may be possible to identify struvite crystals by XRD analysis. 
 
Chapter 2: Sustainable P Management 
2.1 Sustainable P Management 
Upon the completion of the site and experimental research which focuses on the technical challenges of P 
recovery from waste streams, it is necessary to evaluate what this may mean for sustainable P management. There 
is a lot of information which could be analysed to answer the questions of how P recovery affects sustainable P 
management. However, due to the tight schedule required to complete the EngD project by September 2015, the 
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focus of sustainable P management has been narrowed. The following aspects of sustainable P management will 
be discussed: 
1. Contribution of this research project to sustainable P management 
2. Contribution of P recovery to UK fertiliser imports 
3. Is it possible to achieve 100% self-sufficiency in P fertiliser? 
4. Thames Water BioRecycling Team thoughts on P recovery 
5. Operator’s view of P recovery 
 
2.1.1 Contribution of this Research Project to Sustainable P Management 
Much of this research project focuses on the technical aspects of P recovery from waste, i.e. the implications of full 
scale P recovery in Slough and the development of a novel technique to remove P from ISSA & PSSC. It is necessary 
to create links between the technical aspects of the project and describe how they link to the overall dilemma of 
sustainable P management. This section will describe the impacts on UK fertiliser imports if the Ostara reactor and 
P recovery from ISSA & PSSC were ‘rolled out’ across Thames Water. The implications for Thames Water as a water 
company will also be discussed. 
2.1.2 Contribution of P Recovery to UK P Fertiliser Imports 
This aspect of the research will focus on the Thames Water potential to produce P rich fertiliser and how this can 
reduce UK P fertiliser imports. Using knowledge learned from the technical aspects of the research, assumptions 
can then be made to determine the potential of all UK water companies to produce P fertiliser and reduce imports. 
This then leads onto the next research question: Is achieving 100% P fertiliser self-sufficiency possible in the UK? 
2.1.3 Is Achieving 100% P Fertiliser Self-Sufficiency Possible in the UK? 
What more can be done within water companies to improve P fertiliser production? What other industries/wastes 
can be targeted to produce P fertilisers? Using all available P sources, is it possible for the UK to reduce and 
potentially halt P fertiliser imports? 
2.1.4 Thames Water BioRecycling Team Thoughts on P Recovery 
Mass balance analysis and literature has shown that the recovery of P from digested sludge liquors can reduce the 
sludge cake volume and total P content significantly. The effects of this reduction in volume and P content will be 
investigated by interviewing the BioRecycling team in Thames Water. It is widely known that there are nitrogen 
vulnerable zones (NZVs) which can affect sludge cake application rates to land. However, there are now areas of 
land which have too high a land-bank of P meaning that sludge cake cannot be applied in fear of raising the P 
content too much and potentially causing eutrophication. By reducing the P content of sludge cake from P 
recovery onsite, this means that there are more areas for the sludge cake to be applied. The reduction in sludge 
cake volume also means less sludge to be handled, reducing costs for Thames Water. Other aspects and potential 
implications of P recovery can be learned from the Thames Water BioRecycling team. 
2.1.5 P Recovery from Operators Viewpoint 
It is thought that it is important to understand the viewpoint of site operators who are dealing with new P 
recovery technologies day-to-day. It is important to understand limitations when developing a new P recovery 
technology (i.e. P recovery from ISSA & PSSC). From understanding the operators’ thoughts on P recovery and P 
recovery technologies, it may be possible to develop a strategy to achieve ‘buy in’ from site operators before, 
during and after the installation of new technologies onsite. This strategy may not only apply solely to P recovery 
but also any other technologies which water companies or other may be introducing to sites. By achieving 
operator involvement from the very beginning of a new project can help ensure its success. 
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Chapter 3: Other Activities 
3.1 Publications 
A requirement of the EngD programme is the publication of two double peer-reviewed journal articles.  
3.1.1 IWA Water Science & Technology 
A conference paper has been written for an IWA conference being held in Nepal in October 2014 (presentation by 
Dr. Devendra Saroj). Relevant conference papers will be submitted to the IWA journal Water Science & Technology 
for potential publication. The conference paper is provided in Appendix D. 
3.1.2 Bioresource Technology 
A paper is currently being written for submission to the journal Bioresource Technology. The paper will focus on 
the work undertaken describing the effects of changing iron dosing on the EBPR system at Slough STW. Little work 
has been published detailing the full scale effects of iron dosing on EBPR performance and microbial populations. 
The paper will describe the changing EBPR performance (shown through the bio-P experiment procedure available 
in the two year dissertation) and the variability in EBPR microbial populations. This paper will be submitted to 
Bioresource Technology by December 2014. 
3.1.3 Resource Conservation & Recycling 
A special issue of Resource Conservation & Recycling entitled ‘Losses and Efficiencies in Phosphorus Management’ 
is being planned for publication in November 2015. The research undertaken for this EngD project has been invited 
for the special issue. A workshop will be held in Stuttgart on 28th October 2014. The aim of the workshop is to 
further develop the problems/goals of the paper, the methodology, and key messages to be included in the paper. 
The title and brief paper description as provided to the editors is as follows:  
Evaluation of Local and National Effects of Recovering Phosphorus at Wastewater Treatment Plants 
The full scale operation of P recovery systems at wastewater treatment plants (WWTPs) with associated local and 
national effects have been little reported in literature. The benefits of P recovery for local WWTP performance and 
sludge management are discussed along with the benefits of increasing environmental protection and decreasing 
UK’s P fertiliser imports. Mass balances show the reduced recycle of PO4-P at a WWTP site with a full scale P 
recovery system. The subsequent improvement in enhanced biological phosphorus removal (EBPR) performance 
allows the site to achieve environmental targets more easily, reducing eutrophication potential. The reduction in 
total phosphorus content and volume of sludge cake, presented using mass balances, increases the amount of 
sludge cake which could be applied to land. This reduces a growing problem of sludge management in an area 
where phosphorus vulnerable zones are becoming more prevalent. The contributions of this full scale P recovery 
site to total UK P fertiliser imports are depicted. Areas water companies must focus on to increase P fertiliser 
production from their available wastes are highlighted. 
3.1.4 Ecological Economics - Book Review 
The lead author of the book Sustainable Phosphorus Management - A Global Transdisciplinary Roadmap invited 
Prof. Stephen Morse and myself to write a review of the book for the journal Ecological Economics. The book 
review has been submitted to the journal for review. The book review is available in Appendix E. 
3.1.5 Journal Paper on Comparison of ISSA & PSSC 
While completing the literature review on ISSA & PSSC (Appendix A) it was realised there is very little information 
available on the characterisation of ISSA & PSSC and the comparison of the two solids. Lots of research has been 
conducted into the characterisation of the two solids (XRF, XRD, SEM, sekiya fractionation, water solubility, 
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elemental content and acid leachability). It is expected that this research can be written into a useful paper filling 
the knowledge gap identified. 
 
3.2 University Modules 
In the final year of the EngD project there are only two modules remaining to be completed; Communication 
Management (November 2014) and Prince2 (February 2015). All seventeen modules have been completed 
successfully with an average mark of 69.2% being awarded. 
 
3.3 Conferences & Public Engagement 
3.3.1 P Week  - August 2014 Montpellier, France 
In August 2014 the first P week was held in Montpellier, France. P week consisted of two P conferences, the first 
week focused on P in soils and plants, while the 4th Sustainable P Summit was held in the second week. On the 
Sunday in between the conferences, a ‘Young Scientists Workshop’ was held for a smaller number (~40) early 
career researchers. Overall the conferences were a great success with a lot of information learned and many useful 
contacts gained. A poster was presented during the 4th Sustainable P Summit which allowed for discussion and 
showed interest among attendees. Many contacts made during the 3rd Sustainable P Summit were reacquainted 
with and more contacts gained. 
3.3.2 Public Engagement 
On the 17th September a radio programme entitled ‘Klotet’ (Globe) was aired on Swedish radio which discussed 
the use, efficiency, recycling and recovery of P throughout Europe. A reporter from the programme came to 
Slough STW for a tour of the Ostara reactor. The operation of the reactor and the applicability of the technology to 
other sites were discussed. Personal outlook on P recovery and general views from the 4th Sustainable P Summit 
were chatted about also. The link for the radio programme is: 
 http://sverigesradio.se/sida/artikel.aspx?programid=3345&artikel=5967970  
As well as being interviewed for the Swedish radio programme, a documentary was made for the Al Jeezera new 
network in Slough. The topic of the programme was P recovery in Slough, the technology and its implications for 
the environment. Another researcher from University of Southampton was interviewed onsite to describe the 
water insolubility and slow nutrient release effects of the Ostara Crystal Green product. The documentary is due to 
air on the Al Jezeera news network in November 2015.  
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Appendix A: P Minerals in Incineration and Pyrolysis Literature Review 
What form is P in before incineration/pyrolysis? How does this change after incineration/pyrolysis? 
This literature review investigates the fate of P in solids (sewage sludge, municipal solid waste, manure and plants) 
following incineration, pyrolysis and gasification (i.e. thermal treatments). The P and P2O5 contents of the various 
solids before thermal treatment are summarised in Table 23 and Table 3 and after thermal treatment in Table 24 
and Table 26. The variation in mineralogy of the solids as a result of thermal treatments is described in the 
subsequent review. The main objective of this section of the literature review was to determine the effects of 
thermal treatments on the form of P in solids. What form is P present in solids following thermal treatment? How 
does this mineralogy differ according to presence/absence of oxygen in incineration or pyrolysis? 
In the next section, the effects of acid/base extraction on the P forms in solid following thermal treatment are 
reviewed. The change in mineral phases of P as a result of this extraction was the main area of interest. The 
various methods used to by authors to discern the acid demand to release P from solids are compared also. 
P and P2O5 contents of solids before and after thermal treatment 
Table 23: %P Content of Solids BEFORE thermal treatment 
Sample %P Reference 
Dried sewage sludge 4.18 [6] 
Sewage sludge 3.77 [5] 
Pig manure 3.02 [10] 
Pig manure 2.47  [2] 
Sewage sludge 2.40 
(Bridle & 
Pritchard, 
2004) 
Sewage sludge 2.09 [1] 
Turkey litter 1.61 [2] 
Sewage sludge 1.53 [8] 
Poultry litter 1.39 [2] 
Dairy manure 0.86 [3] 
Dairy manure 0.56 [2] 
Cattle manure 0.29 [1] 
Bamboo 0.08 [9] 
Giant reed 0.05 [7] 
Bagasse 0.01 [9] 
 
A table listing the P content of solids prior to thermal treatment is provided above. It is clear that manure/sewage 
sludge contains the greatest %P compared to plant solids, i.e. bagasse and bamboo. The higher content of P in 
manure/sewage sludge is presumably due to the natural effects of P accumulation in faeces/urine. Generally, 
sewage sludge contains greater % P content (1.53-4.18%) than manure (0.29-3.02%) because of the concentrating 
effects of wastewater treatment of P into sludge solids. 
Observing the %P content after incineration, there is a broad spectrum of values ranging from 0.4% in MSWI to 
20.7-24.7% in incinerated pig manure. As for pyrolysed samples, %P showed a much lower range from 0.02-0.05 in 
hickory wood to 6.1-7.7 in pig manure. Focusing on only sewage sludge samples, the range is much tighter for 
incinerated samples varying from 3.6% in Ca-rich sewage sludge to 12.9-13.4% in ISSA reported by Guedes, et al., 
(2014). The difference in %P may be due to the incineration process characteristics such as temperature, retention 
time, and %P content of the original feedstock. The variation in %P may also be atttributed to the mineralogical 
make-up of the solid incinerated samples. Cohen (2009) found that ash originating from the incineration of bio-P 
treated sludge exhibited the highest %P content (9.8%) compared to sludge precipitated using Al or Fe salts. A 
higher P content (18%) was discovered in animal carcass ash, this is presumably due to the greater P content in 
incineration feedstock [11]. The %P in pyrolysed sewage sludge samples dispalyed a more consitent range of 2.97-
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5.06%. This may be attributed to a low sample size (sewage sludge %P reported in four journal papers). This 
smaller range of pyrolysed %P in sewage sludge samples still falls within the range of %P reported for ISSA. 
Comparing %P content before and after thermal treatment, the majority of samples displayed in increase in %P.  
Table 24: % P Content of Solids AFTER thermal treatment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In
ci
n
e
ra
ti
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n
 
Sample % P Reference 
Pig manure 20.70- 24.7 [20] 
Animal carcass ash 18.34 [12] 
Mink manure 14.70 - 18.8 [25] 
ISSA 12.90 - 13.4 [19] 
Wood fuel 12.70 [14] 
Bark pellets 11.90 [14] 
Sewage sludge precipitated with Fe 9.90 [23] 
ISSA dosed with Fe salts & Bio-P process 9.80 [12] 
Pig manure 8.60 - 14.90 [25] 
Chicken manure incineration ash 8.45 [15] 
AD sewage sludge 8.20 - 14.30 [25] 
Sewage sludge 8.00 - 11.00 [24] 
Sewage sludge precipitated with Al 6.99 [23] 
ISSA dosed with Al salts 6.80 [12] 
Fe-rich sewage sludge 6.80 [22] 
ISSA dosed with Fe salts 5.80 [12] 
ISSA 5.70 - 7.80 [13] 
Sewage sludge 4.62 [21] 
ISSA 3.90 - 9.20 (Franz, 2008) 
Ca-rich sewage sludge 3.60 [22] 
Cattle manure 3.40 - 6.90 [25] 
Cattle manure 3.40 - 3.90 [20] 
Paper-mill sludge (chemically precipitated) 1.30 [14] 
MSWI 0.59 [16] 
MSWI 0.40 [17] 
P
yr
o
ly
si
s 
Pig manure 6.10 - 7.70 [6] 
Sewage sludge 5.60 (Bridle & Pritchard, 2004) 
Sewage sludge 4.30 [2] 
Sewage sludge 3.42 - 3.68 (Song, et al., 2014) 
Sewage sludge 2.97 - 5.06 [5] 
Turkey litter 2.62 - 3.66 [7] 
Pig manure 2.08 - 3.12 [7] 
Poultry litter 1.14 - 1.76 [7] 
Dairy manure 1.00 -  1.69 [7] 
Dairy manure 0.91 - 2.66 [9] 
Timothy Grass 0.49 - 0.49 [26] 
Wetland plants 0.48 - 1.07 [29] 
Rice husk 0.47 [27] 
Cattle manure 0.36 - 0.83 [5] 
Wheat Straw 0.35 - 0.36 [26] 
Bamboo 0.24 - 0.54 [10] 
Pig manure 0.15 [28] 
Giant reed 0.12 - 0.17 [11] 
Bagasse 0.05 - 0.08 [10] 
Pinewood 0.05 - 0.06 [26] 
Hickory wood 0.02 - 0.05 [10] 
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Table 25: P2O5 Content of Solids BEFORE thermal treatment 
Sample % P2O5 Reference 
Domestic SS 22.00 [31] 
Sewage sludge 18.50 [32] 
Single super phosphate fertiliser 18.00-20.00 [29] 
Industrial SS 9.10 [31] 
Sewage sludge precipitated with Al2(SO4)3 6.13 [30] 
Sewage sludge precipitated with Fe2(SO4)3 5.86 [30] 
Commercial SS 5.60 [31] 
Pig manure 5.20 [19] 
Cattle manure 1.50 [19] 
Wood pellets 1.27 [30] 
Cornstalk 0.30 [19] 
 
P2O5 is the standard method of describing the phosphorus content of solids intended for use as fertilisers. Table 3 
displays the P2O5 content of raw untreated solids, which shows that the P2O5 content is greatest in sewage sludges 
compared to plant and manure solids, presumably due to the concentrating effects of wastewater treatment on P. 
The P2O5 percentage content of single superphosphate is provided for comparison. Notably, Levlin & Hultman, 
(2004) and Hossain, et al., (2009) detected a high percentage of P2O5 contained in sewage sludge derived from 
domestic sources. Domestic sources are known to contain high P amounts compared to non-domestic sources. 
Viewing %P2O5 content of samples in Table 26, it is unsuprising that no P2O5 content for pyrolysed samples is 
reported. Pyrolysis occurs in an oxygen free environment, therefore there is no O2 present to react with P and 
produce P oxides. P2O5 content of incinerated solids ranges from 0.7-0.8% to 21.9-24.5%, with sewage sludges 
appearing at the higher end of this spectrum at 7.02% to 25.7%. Incineration occurs in the presence of oxygen, 
allowing the formation of P oxides unlike pyrolysis. Adam et al. (2009) report that P2O5 content of incinerated 
sewage sludge ashes ranged from 13.7-25.7%. The lower 13.7% P2O5 content was attributed to the transfer and 
subsequent dilution of SiO2 from the fluidised sand bed into the ash. The mineralogical changes in solids following 
thermal treatment is discussed in depth in the next sections of this review. 
Table 26: % P2O5 Content of Solids AFTER thermal treatment 
 Sample P2O5 % Reference 
In
ci
n
e
ra
ti
o
n
 
ISSA 13.70 - 25.70 [29] 
Coal 0.13 ± 0.1 [33] 
Coal 0.36 - 2.48 [34] 
Coal + Calcium phosphate 11.80 ± 0.10 [33] 
ISSA 14.80 [35] 
ISSA 12.30 - 17.50 [12] 
ISSA 14.80 [36] 
ISSA 21.90 - 24.50 [34] 
ISSA 19.20 [37] 
MSW 2.75 - 3.34 [38] 
Milled bottom ash 1.34 - 1.44 [39] 
ISSA 11.80 [40] 
ISSA 7.02 [41] 
Cornstalk 4.30 - 8.50 [42] 
Cornstalk 2.70 - 3.40 [19] 
Wheat Straw 4.10 - 3.20 [42] 
Rice straw 2.50 - 5.10 [42] 
Poplar 5.70 - 9.00 [42] 
Cotton stalk 7.10 - 7.60 [42] 
Rape straw 2.30 - 2.70 [42] 
Tobacco stem 3.70 - 4.10 [42] 
Pine 2.40 - 2.70 [42] 
Bamboo 5.30 - 6.40 [42] 
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Rice husk 0.70 - 0.80 [42] 
Peanut shell 8.20 - 8.90 [42] 
SSA 8.90 - 21.00 (Franz, 
2008) 
MSWI 1.78 - 2.33 [43] 
MSWI 2.49 [44] 
Sewage sludge 15.20 - 27.40 [45] 
 
Minerals in solids before and after thermal treatments 
The paper written by Hernandez et al. (2011) was the only source found which described the minerals present in 
dried sewage sludge prior to its gasification. The lack of information may be due to the incompatibility of sewage 
sludge with equipment required to analyse mineral content of solids, hence the analysis of dried sewage sludge by 
Hernandez et al. (2011). Vivianite was the identified mineral in the sample, as this is known to precipitate during 
sewage sludge treatment. However, Hernandez et al. (2011) observed the disappearance of vivianite at gasification 
temperatures between 450-700°C. At temperatures above 625°C, the iron oxidation occurred and FePO4 formation 
was observed. Following gasification many new minerals were detected; whitlockite, stanfieldite [Ca2+4(Mg2+, 
Fe2+)5(PO4)6] and farringtonite. The authors state that the formation of stanfieldite and farringtonite in gasified 
sewage sludge are not reported in other literature and may be distinctive of gasification processing.  However, 
observing Table 27, Adam et al. (2009) observed the presence of stanfieldite and farringtonite in their ISSA samples 
(thermochemically treated with MgCl2). 
Table 27: Minerals Present AFTER Incineration/Pyrolysis 
 Minerals present Solid Reference 
 Magnesium whitlockite [Ca18Mg2H2(PO4)14] ISSA [36] 
In
ci
n
e
ra
ti
o
n
 
Whitlockite [Ca3(PO4)2] ISSA (thermochemically treated with MgCl2) [29] 
Whitlockite [Ca7Mg2P6O24] ISSA [46] 
Whitlockite [β-Ca3(PO4)2 or Ca7Mg2P6O24] ISSA [35] [36][47] 
Whitlockite [β-Ca3(PO4)2] MSWI [48] 
Whitlockite [Ca3(PO4)2] ISSA 
(Donatello, 
et al., 2010) 
[23] 
Whitlockite [Ca3(PO4)2] MSWI, paper mill sludge, wood, bark pellets [13] 
Whitlockite [Ca3(PO4)2] MSWI [50] 
Pentacalcium hydroxyl triphosphate [Ca5HO13P3] MSWI, paper mill sludge, wood, bark pellets [13] 
Aluminium phosphate [AlPO4] ISSA (thermochemically treated with MgCl2) [29] 
Aluminium phosphate [AlPO4] ISSA [46] 
Aluminium phosphate [AlPO4] 
Municipal sewage sludge, paper mill sludge, 
wood, bark pellets 
[13] 
Chlorspodiosite [Ca2PO4Cl] ISSA (thermochemically treated with MgCl2) [29] 
Chlorapatite [Ca5(PO4)3Cl1-x(OH)x] ISSA (thermochemically treated with MgCl2) [29] 
Farringtonite [Mg3(PO4)2] ISSA (thermochemically treated with MgCl2) [29] 
Stanfieldite [Ca4Mg5(PO4)6] ISSA (thermochemically treated with MgCl2) [29] 
Spinel type [Mg(Al,Fe)2O4] ISSA (thermochemically treated with MgCl2) [29] 
Indialite/Cordierite [Mg2Al4SiO18] ISSA (thermochemically treated with MgCl2) [29] 
Iron phosphate [Fe4(P4O12)3] ISSA [51] 
Aluminium phosphate [Al(PO3)3] ISSA [51] 
Hydroxyapatite [Ca5(PO4)3(OH)] CMIA [14] 
Hydroxyapatite [Ca5(PO4)3(OH)] 
Straw, straw co-combusted with wood, 
straw co-combusted with bark 
[52] 
KCa(PO4) MSWI [15] 
Calcium-iron phosphate [Ca9Fe(PO4)7] ISSA – secondary cyclone ash, bag-filter ash [30] 
Apatite [Ca10(PO4)6(OH, F, Cl)2] MSWI [50] 
Apatite [Ca5(PO4)3OH] MSWI [16] 
Garnet [Ca3(Al, Fe)2(Si,P)3O12] 
MSWI [16] 
Sustainable P Recovery from Waste  Appendix D – Thirty-six Month Report  
D-223 
P
yr
o
ly
si
s Barringerite [Fe2P] PSSC 
(Abrego, et 
al., 2009) 
Ca2P2O7 Wheat straw, timothy grass, pinewood [25] 
Struvite [MgNH4PO4.6H2O] Cattle manure [1] 
Whitlockite [Ca,Mg)3(PO4)2] Dairy manure [3] 
G
as
if
ic
at
io
n
 Iron (III) orthophosphate [FePO4] Gasified sewage sludge [6] 
Whitlockite 
[Ca2+18.19(Mg2+1.17, Fe2+0.83)H1.62(PO4)14] 
Gasified sewage sludge [6] 
Stanfieldite [Ca2+4(Mg2+, Fe2+)5(PO4)6] Gasified sewage sludge [6] 
Farringtonite [Mg3(PO4)2] Gasified sewage sludge [6] 
 
 
Figure 78: Mineral phases present in raw ash and SSA after thermochemical treatment [29] 
As mentioned previously, Adam et al. (2009) noted the existence of magnesium phosphate, farringtonite 
[Mg3(PO4)2] at a temperature of 750°C in ISSA samples thermochemically treated with MgCl2. Above this 
temperature at 850°C mixed Mg and Ca-phosphate stanfieldite [Ca4Mg5(PO4)6] forms. This is possibly at the 
expense of magnesium phosphate which slowly fades at approximately 1000°C, as depicted in Figure 1. 
Many researchers have confirmed the presence of whitlockite (in various chemical forms) in raw incinerated solid 
samples. Beginning with Adam et al. (2009), the researchers detected whitlockite [Ca3(PO4)2] in raw ISSA sample, 
after thermochemical treatment with MgCl2, it was observed that between 450-600°C whitlockite reacts with CaCl2 
to form chlorspodiosite [Ca2PO4Cl] and chlorapatite [Ca5(PO4)3Cl1-x(OH)x] (see Figure 78). Above 750°C whitlockite is 
no longer detectable in the samples. Chlorspodiosite is an intermediary species which disappears as Cl 
concentrations reduce. In contrast, chlorapatite becomes the dominant phosphate-bearing phase until the 
maximum temperature of 1050°C is achieved[29]. The XRD data from analysis of SSA (as-received) carried out by 
Cheeseman et al. (2003) is provided Figure 79. It was detected that whitlockite [Ca7Mg2P6O24] was a major 
crystalline phase; while minor peaks in XRD data may correspond to aluminium phosphate [AlPO4], which is in 
agreement with Adam et al. (2009). Again, Cyr et al., (2007) found the presence of whitlockite in SSA. Cyr et al. 
(2007), note that CaO and P2O5 combine to form approximately 26% whitlockite, which is weakly soluble in a basic 
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environment. Cyr et al. (2007) state that SSA generally contains calcium phosphate which may form whitlockite or 
hydroxylapatite [Ca5(PO4)3OH]  depending upon the sludge composition, and time and temperature of 
incineration. Donatello et al. (2010) confirm the presence of whitlockite in their ISSA samples (Figure 80), but were 
unable to confirm if the whitlockite was a pure tri-calcium variety or if partial substitution of Ca with Fe or Al 
occurred (XRD graph provided in appendix). The authors determine that if insufficient Ca is present in ISSA all P 
cannot exist as pure Ca3(PO4)2. It is likely that Ca is substituted for Fe, Mg or Al, therefore P would exist as FePO4, 
AlPO4, Ca3(PO4)2 or a mixture of these compounds. Upon conducting XRD analysis of ISSA, Mahieux et al., (2010) 
concluded that the main crystallised minerals were whitlockite and/or Ca18Mg2H2(PO4)14 (XRD graph in appendix). 
In addition to this, SEM-EDS analysis confirmed the presence of whitlockite, as shown in Figure 81. The micropore 
CaO-MgO-P2O5 diagram presented in Figure 82 relates to calcium phosphates. The analysis shows that calcium 
phosphate composition varies from pure whitlockite [Ca3(PO4)2] to magnesium whitlockite [Ca18Mg2H2(PO4)14]. 
Attack of ISSA with HCl-KOH allows the classification of whitlockite as a soluble mineral in agreement with Cyr et al. 
(2007)[36]. Again, comparing with results from other researchers, Nowak et al. (2013) confirmed the presence of 
whitlockite in ISSA and MSWI using XRD analysis (diffraction plots available in appendix). The abundance was also 
recorded, with 34.4% and 6.4% whitlockite present in SSA and MSWI, respectively. Elled et al (2006) discuss the 
fate of phosphorus during combustion of municipal sewage sludge, paper mill sludge, wood and bark from a 
thermodynamic equilibrium point of view. It was discovered that in all cases P condensed as whitlockite or 
pentcalcium hydroxyl triphosphate [Ca5HO13P3]. P completed consumed available Ca in municipal sewage sludge at 
all temperatures, while remaining P formed AlPO4. The presence of whitlockite is mentioned by only one author 
analysing pyrolysis residues, namely Cao & Harris (2010) which is listed in Table 27. 
 
Figure 79: XRD Data for SSA[46] 
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Figure 80: XRD of ISSA before (bottom) and after (top) acid washing with 4M H2SO4 for 20 mins (Donatello, et al., 2010) 
 
 
Figure 81: SEM-EDS analysis of ISSA (A - whitlockite)[36] 
 
 
Figure 82: Micropore analysis of ISSA[36] 
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The presence of AlPO4 was mentioned briefly in the discussions surrounding whitlockite in the findings of 
Donatello et al. (2010) and Elled et al. (2006). Adam et al., 2009 proved the existence of crystalline AlPO4 in ISSA 
and found that this mineral is thermally more stable than whitlockite. The thermal degradation of aluminium 
phosphate produces aluminium oxide which reacts with other compounds in ash to form two aluminium- and 
magnesium-bearing compounds, namely; spinel type [Mg(Al,Fe)2O4] and indialite/cordierite [Mg2Al4SiO18] [29]. 
In 2009, Kaikake et al. conducted XRD analysis of chicken manure incineration ash (CMIA) which showed the 
presence of hyroxyapatite Ca5(PO4)3(OH). Kaikake et al., (2009) carried out FTIR analysis of CMIA, as displayed in 
Figure 83. Characteristic peaks at 600-1200 cm-1 confirmed the presence of Ca5(PO4)3(OH). A broad band at 1116-
1118 cm-1 was assigned to P=O. The P-OH bands were detected at 947-1045 cm-1 respectively, thus the conclusion 
was drawn that phosphorus was present as a hydroxyapatite.  
 
Figure 83: FT-IR spectrum of CMIA [14] 
 
In contrast to much research, Kalmykova et al. (2013) noted the presence of P as KCa(PO4) in municipal solid waste 
incineration flay ash (MSWI), as detected using XRD analysis (provided in the appendix). 
Beck et al., 2004 produced equilibrium equations describing possible formations of P in flue gases during 
combustion in the range of 400-1400°C. According to Pete Pearce, fly ash is the substance left over after flue gas 
from incineration is filtered. In all calculations phosphorus oxides or phosphoric acid (in presence of water vapour) 
forms. In the boiler exceeding 1100°C, calcium phosphates react with carbon and Si according to the equation 
below: 
2Ca5OH(PO4)3 (s) + 6SiO2 (s) + 10C (s) + 2O2 (g) → 6CaSiO3 (s) + 1.33Ca3(PO4)2 (s) + 10CO (g) + H2 (g) + 0.66P2O3 (g) + P2 (g) (eqn. 
1) 
2Ca3(PO4)2 (s) + 6SiO2 (s) + 10C (s) → 6CaSiO5 (s) + 10CO (g) + P4 (g) (eqn. 2) 
The reaction completes at 1500°C. Concurrently, elemental P reacts with excess O2 as per the equation below: 
P4 (g) + 5O2 (g) → P4O10 (g) (eqn. 3) 
Subsequently, phosphorus oxide reacts with water vapour to form phosphoric acid: 
P4O10 (g) + 6H2O (g) → 4H3PO4 (g) (eqn. 4) 
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Between temperatures of 300-400°C, polyphosphates are formed which consist of O-P-O chains. At temperatures 
between 400-500°C, gaseous phosphoric acid forms polyphosphoric acid and metaphosphorus acid. Phosphoric 
acid reacts with alkali salt compounds to form polyphosphates, hydrogenous phosphate is probably formed in a 
transitional stage [54]. In further studies, Beck et al. (2007) suggest that at 1200°C a small amount of 
hydroxylapatite decomposes in reducing conditions according to: 
2Ca5[OH(PO4)3] → 3Ca3(PO4)2 + CaO + H2O (eqn. 5) 
It was suggested that during the formation of anhydrite (CaSO4), small calcium phosphate anhydrite particles are 
produced. The co-combustion of calcium phosphate with coal showed a strong correlation between calcium and 
phosphorus in the sub-micron range. Calcium phosphate anhydrite is considered to be the primary form of 
phosphorus found in fly ash particles. Phosphorus is considered to create reactive phosphorus (V) oxide when 
organically bound due to high volatility. If sufficient calcium is not present, FePO4 or AlPO4 alongside calcium 
phosphate anhydrite can form [33]. 
Zhang et al. (2007) studied the transformation of P during combustion of coal and sewage sludge in particulate 
matter ≤ 10.0 μm (PM10). With regards to the combustion of coal, Zhang et al. (2007) found that P was present in 
the form of phosphorus oxide and phosphates containing alkali elements and/or hydrogen, as shown in Figure 14. 
Contrariwise, high amounts of zinc phosphates and a mixed species of phosphate/al-silicates were present in 
combusted sludge (Figure 7). The formation of zinc phosphate is attributed to the reaction between vaporised P 
and Zn. The authors produced theoretical predictions for the vaporisation of mineral species within the coal and 
sludge ashes. It was surmised that apatite is very stable as it does not vaporise until 1800°C (see Figure 85). 
Conversely, P present in the complex species (Si-Al-ca/Fe-P-O) begins to vaporise at 1200°C until it is 40% 
vaporised at a temperature of 2000°C. With regards ISSA, P is mostly present as apatite and exhibits a relatively 
low vaporisation degree; approximately 6% at 1200°C when 50% oxygen present in combustion gas. In conclusion 
the authors remark that no inorganic P-bearing species (e.g. apatite) would decompose or vaporise at relatively 
low temperatures of 900-1000°C. Thus it is thought that P is mostly organically bound and is highly dispersed in the 
pyrolysis product. 
 
Figure 84: Chemical forms of P in Combustion of (a) Coal and (b) Sludge [34] 
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Figure 85: Theoretical vaporisation degree of two species [34] 
 
What is known on the form of P minerals after pyrolysis? 
In contrast to the wealth of information available regarding the mineralogy of incinerated solids, there is much less 
information available on the mineralogical aspects of pyrolysis. Abrego et al. (2009) examined the mineralogy of 
pyrolysed sewage sludge char at varying temperatures of pyrolysis. Relatively high amounts of barringerite (iron 
phosphide) was detected in char at 900°C, but was not detected in lower temperature chars. 
Rice husk biochar was the focus of research conducted by Qian et al. in 2013. Samples were extracted with H2O 
and EDTA-NaOH for P-NMR analysis (phosphorus-31 nuclear magnetic resonance spectroscopy). It was found that 
the strong extractant EDTA-NaOH was not capable of removing more P species than water, Therefore, implying 
that the P species are present in the rice husk biochar as inorganic orthophosphate and pyrophosphate. The graph 
of P-NMR is provided in the appendix. FTIR analysis of biochar pre- and post-pyrolysis was conducted, as shown in 
Figure 86. The peaks at 1300 ~ 1000 cm-1 and 593 cm-1 are characteristic of some ionic compounds of P such as 
HPO42- and P2O74-. 
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Figure 86: FTIR spectra of raw biochar (BC0) and biochar after P release (BC96)[26] 
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In the pyrolysis process (673-873K), the phosphorus oxides condense to form P4O10, when in the presence of water 
this is transformed into H3PO4. Some of this H3PO4 condenses to form H4P2O7 which reacts with K, Mg or Ca to 
form polyphosphates such as K4P2O7, Mg2P2O7 and Ca2P2O7. The other part of H3PO4 reacts directly with K, Mg or 
Ca to form K3PO4, Mg3(PO4)2, Ca3(PO4)2; a mixture of small phosphate particles <1μm, which deposits on larger 
biochar particles (0.01 – 1.0mm). Due to the complex reaction between H3PO4 and K, Mg and Ca, hydrophosphates 
(K2HPO4, MgHPO4 and CaHPO4) and dihydric phosphate (KH2PO4 and Mg(H2PO4)2) are also formed. In the fast 
pyrolysis process, the temperature of the outer layer of particles is greater than in the inner layer. By increasing 
the retention time, small P particles stick to the surface of larger particles and dehydrate to form pyrophosphates. 
More pyrophosphate was present on the outer layer than orthophosphates. 
In a distinction from other research, Wang et al. (2012) noted the presence of struvite in cattle manure and 
sewage sludge biochars. Clear evidence of crystalline P was not detected, but small peaks in XRD data suggested 
the presence of struvite [MgNH4PO4.6H2O]. 
Again more unusual minerals such as potassium dihydrogen phosphate [KH2PO4], magnesium cyclo-
tetraphosphate [Mg2P4O12], magnesium diphosphate [Mg2P2O7] were detected by Zheng et al. (2013) in giant reed 
samples. The XRD plot of this data is provided in Figure 87. 
 
Figure 87: XRD plot of giant reed biochars at varying temperatures[7] 
S: Sylvine (KCl); W: Wollastonite (CaSiO3); L: Larnite (Ca2SiO4); E: Enstatite (Mg2Si2O6); D: Dolomite (CaMg(CO3)2); Y: Potassium dihydrogen 
phosphate (KH2PO4); M: Magnesium diphosphate (Mg2P2O7); T: Magnesium cyclo-tetraphosphate (Mg2P4O12). BC0 represents raw giant reed; 
BC300 through BC600 represent the biochars produced at 300-600 °C 
Table 28: Solids Analysis Methods 
Solids Analysis Methods Reference 
XRF [29] [12][13][40] 
XRD (Abrego, et al., 2009)[29][46][51] [35] (Donatello, et al., 2010)[36][47][30][50][7][6] 
ICP-OES [29][13][25] 
FT-IR (Abrego, et al., 2009) [14][26] 
SEM-EDS [36] 
Micropore [36] 
 
According to Arvelakis et al. (2005), SEM-EDX overestimates the amount of most elements, e.g. Ca, Zn, Mg, Na, Al, 
Fe, in solids, while it underestimates elements such as Si, P, Ti, K, compared to ICP analysis. 
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P Leaching from Solids 
Effect of leaching on P forms in solid 
Bodenan et al. (2010) conducted an 18 month dynamic leaching of MSWI using demineralised water and 
investigated the mineralogical changes experienced in the ash. Using SEM-EDS and EMP analysis, the existence of 
calcium phosphate was detected in the original MSWI sample. Calcium content increased with leaching as did the 
composition of calcium phosphates. It was found that while Ca/P ratios were 0.9-1.2, this increased to 1.4-1.6 
following leaching. The authors state this confirms the stability of the resulting phosphates. The system probably 
evolved from monetite [CaHPO4] (Ca/P = 1) to whitlockite [Ca3(PO4)2] (Ca/P = 1.5) to apatite [Ca5(PO4)3OH] (Ca/P = 
1.87), increasing in stability with Ca/P ratio. 
The crystalline phase chemistry of ISSA pre- and post- acid washing was the focus of research by Donatello et al. 
(2010). Leaching with 4M H2SO4 resulted in the complete dissolution of Ca and P from the mineral whitlockite and 
lead to the precipitation of CaSO4 instead as confirmed by XRD analysis (Figure 80). After filtration of the ISSA-acid 
slurry, >95% of total phosphate was found in filtrate. 
Kaikake et al. (2009) performed a series of acid dissolution and alkali precipitation procedures to recover P from 
CMIA. Firstly, a P-rich solution was made by adding 100ml of 1M HCl acid to 10g of CMIA. Next, in order to remove 
impurities, the pH of the P-rich solution was reduced to 3 using 1M NaOH and filtered. The filtrate was used for a 
second precipitation using alkali solution in which pH was kept at 4. In the final stage, the alkali solution was added 
to filtrate and a steady pH of 8 maintained. Analysis of the raw CMIA is discussed in the section above. Table 29 
below displays that a small amount of P was removed in the first precipitation step alongside this Fe was removed 
in large amounts as a precipitant. XRD analysis confirmed the presence FePO4 in the precipitant. FTIR analysis was 
used to examine the functional bonds present in the second precipitation step. In the second precipitation stage, 
84% of P was precipitated. Due to a large decrease in Ca, it was expected that the precipitant was composed 
mainly of P and Ca. Comparing sample XRD results with pure CaHPO4.2H2O, characteristics bonds existed at 1213, 
1135, 1060 and 985 cm-1 for phosphate stretching, 576 and 526 cm-1 for phosphate bending, and 3489 cm-1 for 
hydroxyl vibrations in the CMIA sample. Solids remaining from the final precipitation step were analysed using XRD 
with results showing the presence of hydroxyapatite. In addition to this, nearly all the zinc and copper ions were 
removed from the precipitation solution. This leads to the reasoning that these heavy metals integrated into the 
hydroxyapatite. At a pH of 0, H3PO4 is a dominant species. As pH rises HPO43- species begin to form at pH 4 (see 
Figure 89), the following reactions occur to form CaHPO4.2H2O: 
H2PO4-1 + OH-1 ↔ HPO42- + H2O (eqn. 6) 
HPO42- + Ca2+ ↔ CaHPO4 ↓ (eqn. 7) 
The content of P in pure CaHPO4.2H2O was calculated as 170,000 mg/kg using molecular weights. The P content of 
the precipitant was 165,000 mg/kg, indicating that most of the P existed as CaHPO4.2H2O, with purity estimated at 
92%. 
Table 29: Recovery of elements during each precipitation step [14] 
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Figure 88: Comparison of XRD pattern for (a) pure CaHPO4.2H2O and (b) precipitate recovered at pH 4[14] 
 
Figure 89: Equilibrium distribution of P species as a function of pH[14] 
 
Kalmykova and Karlfeldt (2013) examined the removal of P from MSWI using HCl. A series of equilibrium equations 
were provided which describe the likely mechanism of P precipitation. As discussed above (eqn. 6), the dominant 
species is H3PO4, as pH rises this transforms into H2PO4- (eqn. 8). At pH 3-4, Al3(PO4)2, Fe3(PO4)2 and AlPO4 form 
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(eqn. 9). H2PO4- reaches its maximum when pH 4 is achieved and HPO42- forms (eqn. 11). After pH 4 is attained 
during a second precipitation step, the addition of NaOH is required to ensure constant pH; this indicates the 
presence of reactions which consume hydroxide ions. This is probably caused by the production of solid phosphate 
compounds (eqns. 12-14) as Fe, Mg and Ca are present in the second precipitation. 
H3PO4 + OH- ↔ H2PO4- + H2O (eqn. 8) 
Al3+ + H3PO4 + 3OH- → AlPO4 (s) +3H2O (eqn. 9) 
3Fe2+ + 2H3PO4 +6OH- → Fe3(PO4)2 (s) + 6H2O (eqn. 10) 
H2Po4- + OH- ↔ HPO42- + H2O (eqn. 11) 
Mg2+ + HPO42- → MgHPO4 (s) (eqn. 12) 
HPO42- + OH- ↔ PO43- + H2O (eqn. 13) 
3Ca2+ + 2PO43- → Ca3(PO4) (s) (eqn. 14) 
Petzet et al. (2012) tested if Ca-P components dissolve during an acidic treatment of sewage sludge before P is 
released into solution. XRD analysis showed that much of the crystalline Ca-P (i.e. whitlockite) which was identified 
in the original ash sample was destroyed by acidic leaching. During the dissolution of whitlockite, a concurrent 
release of ca and P in the molar ratio of P/Ca ~ 2/3 is expected. This was not observed during this study. It was 
suggested this dissolution did not occur as the P from the Ca-P compound may have been instantly re-precipitated 
by Al. However, a new Al-P mineral was not detected by XRD analysis; it was concluded that the newly formed Al-P 
precipitate is X-ray amorphous. Additional XRD data showed that remaining whitlockite and Al-P compounds were 
completely dissolved at pH <3. 
Equilibrium calculation software (Hydra/Medusa) was used by Pettersson et al. (2008) to determine compounds 
which may have an effect on the recovery of P from a liquid phase. These influential compounds were: 
FePO4.2H2O, CaHAl(PO4)2 and Ca5(PO4)3OH. Each of these compounds precipitates at separate pH values, thereby 
preventing the P from forming in the extraction product. FePO4.2H2O could form at pH >4.2, CaHAl(PO4)2 between 
pH 4.2-6 and Ca5(PO4)3OH at pH <6. Theoretically, there is no pH level at which P extraction cannot be bothered 
with the precipitation of other solid compounds. The amount of P bound in these solids depends upon the 
amounts of Fe3+, Al3+ and Ca2+ available in the liquid phase and the pH. 
Zhang et al. (2001) describe in their materials and methods section that various chemicals can be used to 
determine P forms. 2.5% acetic acid and 1M NH4Cl is used to detect Ca bound P, 1 M NH4F is used to extract Al 
bound P, and 0.1 M NaOH identifies Fe bound P. The residual insoluble P is calculated from the difference between 
total P and extractable P[55]. Liu et al. (2011) utilise NaHCO3 and NH4F/HCl to determine the fraction of P which 
can be considered plant available. The NaHCO3 portion is recognised a plant quick-available, while the NH4F/HCl 
part is mainly P bound with Fe, Al or Ca. 
Table 30: Minerals in solid AFTER leaching 
 Mineral Sample Leaching Reagent Reference 
In
ci
n
e
ra
ti
o
n
 
Monetite [CaHPO4] MSWI Demineralised water [56] 
Whitlockite [Ca3(PO4)2] MSWI Demineralised water [56] 
Apatite [Ca5(PO4)3OH] MSWI Demineralised water [56] 
Hydroxylapatite [Ca5(PO4)3OH] ISSA HCl pre- and alkaline post-treatment [23] 
Hydroxyapatite [CaHPO4.2H2O] CMIA 
HCl dissolution – and three stage NaOH 
precipitation 
[14] 
P
yr
o
ly
si
s 
Calcium iron phosphate 
[Ca9Fe(PO4)7] 
SSA H2SO4 
[30] 
[57] 
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Table 31: Minerals present at pH values 
pH Minerals Present Reference 
0 H3PO4 [14][15] 
1 
H2PO4- 
H3PO4 
[15] 
[22] 
2 H2PO4- [15] 
3 
Al3(PO4)(OH)3(H2O)5 
H2PO4- 
FePO4.2H2O (>4.2) 
[15] 
[15] 
[30] 
4 
HPO43- 
Fe(II)3(PO4)2(H2O)8 
Al3(PO4)2 
Fe3(PO4)2 
AlPO4 
HPO42- 
Ca5(PO4)(OH) 
CaHAl(PO4)2 
[14] 
[15] 
[15] 
[15] 
[15] 
[15] 
[15] 
[30] 
5 CaHAl(PO4)2 [30] 
6 CaHAl(PO4)2 [30] 
7 Ca5(PO4)3OH [30] 
 
Leaching reagents 
Table 32: Leaching reagents and %P release 
 Leaching Reagent Sample P Release Reference 
In
ci
n
e
ra
ti
o
n
 
Demineralised water MSWI Not reported [56] 
4 M H2SO4 ISSA >95% total P 
(Donatello, et 
al., 2010) 
1 M HCl dissolution – and three stage 1M 
NaOH precipitation 
CMIA 84% [14] 
1-3 M HCl MSWI 70% [15] 
0.05 mol/l H2SO4 ISSA 100% [51] 
0.1 mol/l HCl ISSA 100% [51] 
1M H2SO4 ISSA, animal carasses >85% [11] 
0.19 M H2SO4 Al-rich sludge ~100% [22] 
0.38 M H2SO4 Fe-rich sludge ~100% [22] 
? M H2SO4 
Secondary cyclone ash from sludge 
precipitated with aluminium 
sulphate 
74-95% [30] 
? M H2SO4 
Bag-filter ash from sludge 
precipitated with Fe 
49-65% [30] 
3-6 mol HCl/kg SSA HCl pre-treatment and 
1M NaOH treatment 
Al-rich SSA 78% [23] 
3-6 mol HCl/kg SSA HCl pre-treatment and 
1M NaOH treatment 
Fe-rich SSA 50% [23] 
? M H2SO4 ISSA >90% [58] 
0.5 mol/l HCl SSA >95% [45] 
G
as
if
ic
at
io
n
 
0.6 M H2SO4 Piggery waste 94% [59] 
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Theoretical equations for acid requirement 
A number of researchers used various equations to calculate the acid demand to release P from solids, these are 
described below. Kuligowski & Poulsen (2010) calculated H2SO4 acid demand using the equation below. At 
optimum conditions, the H2SO4 acid demand to release P varied between 19.2 – 28 kg H2SO4/kg P. Based on 
stoichiometric apatite dissolution (eqn. 16 below), the theoretical acid demand is 4.74 kg H2SO4/kg P.  
𝑆𝐴𝐷 =  
𝐴𝐿𝑤
𝑃𝑒𝑥∙𝑃𝑎𝑠ℎ
 (eqn. 15) 
where, SAD – sulphuric acid demand (kg H2SO4/kg P recovered); ALW – acid load (kg H2SO4/kg ash); Pex – fraction of extractable P 
relative to total ash P after extraction (kg P/kg Pash); Pash – total P concentration in ash (kg P/kg ash). 
Ca3(PO4)2 + 3H2SO4 + 6(1.5)H2O ↔ 3CaSO4 * 2(0.5)H2O + 2H3PO4 + heat (eqn. 16) 
Cohen (2009) determined the theoretical amount of acid required to dissolve P based on fluorapatite dissolution 
below. From this reaction, the theoretical sulphuric acid requirement to dissolve P is 5.27 kg H2SO4/kg P. The acid 
demand calculated from optimum experimental conditions ranged from 4.6-10.5 kg H2SO4/kg P. However, this 
demand is not achieved in practice as apatite is not a pure mineral in rock. In industry 6.67 kg H2SO4/kg P is the 
utilised acid demand.  
Ca10(PO4)6F2 + 10H2SO4 + 10xH2O → 10CaSO4xH2O + 6H3PO4 + 2HF (eqn. 17) 
where, x=0, 0.5 or 2. 
The amount of acid required to dissolve P in SSA is related to its chemical composition. CaO, P2O5 are major 
constituents of SSA which are main consumers of acid. MgO, Na2O and K2O have a minor presence but react with 
sulphuric acid, while Al2O3 and Fe2O3 are partially attacked. The equation below is used to calculate acid 
requirement of superphosphate manufacture. Percentage oxides are those occurring in phosphate rock. It was 
proven that an estimation of acid required for P leaching from SSA is possible by inserting the oxide composition of 
SSA. However, since the equation does would not produce a free phosphoric acid, the calculated acid amount 
must be increased by 10% (Franz, 2008).  
𝑘𝑔 𝐻2𝑆𝑂4 100%
100 𝑘𝑔  𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 𝑟𝑜𝑐𝑘
= 1.749(%𝐶𝑎𝑂) + 0.962(%𝐴𝑙2𝑂3) + 0.614(%𝐹𝑒2𝑂3) + 2.433(%𝑀𝑔𝑂) + 1.582(%𝑁𝑎2𝑂) +
1.041(%𝐾2𝑂) − 0.691(%𝑃2𝑂5) − 1.255(%𝑆𝑂3) (eqn. 18) 
Donatello et al. (2010) based their acid demand upon the dissolution of whitlockite, since this was observed as the 
main mineral form of P. Equation 18 applies to the dissolution of whitlockite. It was assumed that total P in ISSA 
existed as PO43-, therefore 3 mol of H+ is required for each mole of P. To dissolve all P in their sample 20ml of 0.184 
mol/l H2SO4 is required for each gram of ISSA. Upon observing XRF data, it was clear that there is not enough Ca in 
the sample for all P to exist as pure Ca3(PO4)2. Some Ca is probably substituted with Fe, Mg or Al. However, as long 
as all P is assumed to be present as PO43-, the acid requirement should remain the same, regardless of the 
existence of FePO4, AlPO4, Ca3(PO4)2 or a mixture of these forms. 
Ca3(PO4)2 (s) + 3H2SO4 (aq) → 3CaSO4.2H2O (s) + 2H3PO4 (aq) (eqn. 19) 
 
Literature Review Synthesis and Gaps in Knowledge 
Manure and sewage sludge contain greater %P content than plants prior to thermal treatment, ranging from 1.53 
– 4.18%. Following thermal treatment %P in sewage sludge increased to a range of 3.6 – 14.3% for incineration 
ashes and 2.97 – 5.6% for pyrolysis char. The P2O5 content of raw sewage sludges was greater than plant solids 
varying from 5.6 – 22%, compared to 0.3 – 1.5%, while super phosphate fertiliser is approximately 19% P2O5. 
Incineration ash P2O5% fluctuated from 7.02 – 27.4%, while P2O5 content of pyrolysed char is unreported in 
literature. Pyrolysis occurs in an oxygen poor environment and does therefore not favour the formation of P 
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oxides. This increase in P content following thermal treatment is due to the concentrating effects of P in solids and 
the transformations of P during thermal process.  
 
With regards to minerals present prior to thermal treatment, vivianite [Fe32+(PO4)2.8H2O] was detected by 
Hernandez et al. (2011). It is not possible to detect minerals present in sludge prior to thermal treatment due to 
incompatibility with analysis equipment. During gasification Hernandez et al. (2011) note the disappearance of 
vivianite at temperatures between 450-700°C and observe the formation of whitlockite [Ca3(PO4)2], stanfieldite 
[Ca4Mg5(PO4)6] and farringtonite [Mg3(PO4)2] after thermal treatment. Whitlockite was detected by many other 
researchers in a variety of incinerated samples; ISSA, MSWI, wood, paper mill sludge and bark pellets, as well as 
pyrolysed cattle manure and gasified sewage sludge. Stanfieldite and farringtonite were identified in just the 
gasified sewage sludge samples and one incinerated sewage sludge sample. Other minerals commonly found in 
incinerated sewage sludges, wood, paper mill sludge and bark pellets were Al and Fe phosphates. Fe was also 
observed in a calcium-iron phosphate [Ca9Fe(PO4)7] in an ISSA sample. In a pyrolysed sewage sludge sample Fe was 
detected in a mineral called barringerite [Fe2P] and as an iron orthophosphate [FePO4] in a gasified sewage sludge 
sample. A variety of Ca minerals were detected in incinerated ISSA and MSWI samples namely apatite 
[Ca10(PO4)6(OH,F,Cl)2], hydroxyapatite [Ca5(PO4)3OH], chlorspodiosite [Ca2PO4Cl], chlorapatite [Ca5(PO4)3Cl1-x(OH)x] 
and KCa(PO4). In pyrolysed wheat straw, timothy grass and pinewood, Ca and P in the form of Ca2P2O7 was 
observed. Interestingly, struvite [MgNH4PO4.6H2O] was identified in pyrolysed cattle manure sample, but not 
detected in other literature. P present in rice husk biochar was found to be a water soluble pyrophosphate or 
inorganic orthophosphate [28]. Using Ca/P ratios it is possible to determine the probable evolution of P minerals 
during acid leaching of MSWI. At a Ca/P ratio of 1 monetite is the predominant P mineral, when the Ca/P ratio 
changes to 1.5, whitlockite is the principal P mineral, finally at Ca/P = 1.87 apatite is present [57]. However, this is a 
theoretical assumption of the forms of P. Equilibrium equations and software packages were also used by some 
researchers to determine the likely forms of P in solids. 
There is much known on the presence of minerals within incinerated samples, both plant based and sewage 
sludge. However, much less information is reported on the mineralogical content of pyrolysed solids. The 
mineralogy following pyrolysis of two manure samples, three plant samples and one sewage sludge sample are 
available in the literature (Wang, et al., 2012; Cao & Harris, 2010; Mohanty, et al., 2013; Abrego, et al., 2009). 
However, the presence of only four minerals is reported for these pyrolysed samples (see Table 27). There is an 
obvious gap in the mineralogical characterisation of pyrolysed solids, especially sewage sludge. A useful 
contribution to the knowledge in the area of thermal treatment of sewage sludge would be the characterisation 
and comparison of incinerated and pyrolysed samples. Differences in the mineralogy would be expected due to 
the presence and absence of oxygen in the two systems. While the existence of many minerals in incinerated and 
pyrolysed samples is known, only two researchers quantified whitlockite in ISSA and MSWI which varied from 26-
34.4% and 6.4%, respectively. The quantification of minerals within these solids would add much to the knowledge 
in this research area. It is suggested that the “sekiya method” of P fractionation is used to quantify the Ca-, Al- and 
Fe- bound P in ash and char. This method is most commonly applied to soil P fractionation, but will be beneficial 
for the characterisation of ash and char. After each fractionation step the solids will be separated for analysis to 
determine the changes in mineralogy and the expected sequential disappearance of Ca-P, Al-P and Fe-P. Using this 
method the quantity of Ca-P, Al-P and Fe-P in solid can be calculated. 
With regards to the changes experienced in solids as a result of leaching there is little information available. Some 
researchers observe the dissolution of P minerals and the formation of new P based minerals, but the point (pH, 
acid load) at which these minerals dissolve is not reported. It appears most work focuses on the dissolution of 
solids using acids and the examination of remaining solids following the leaching. No researchers target the 
dissolution of a specific P mineral or Fe- Ca- or Al-P bound minerals. A list of solvents used to dissolve solids is 
compiled in Table 32. Eight instances used H2SO4, five cases used HCl and three researchers reported the use of 
demineralised water to dissolve incinerated solids. There has been no research which has examined the leaching of 
nutrients from pyrolysed solids. Research has investigated the application of char to land as a soil amendment and 
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the subsequent leaching of nutrients into soil. Applying current methods to release P from incineration ashes to 
pyrolysed char would add a novel aspect to the current research. 
Table 33: Presence of minerals at different temperatures of thermal treatment 
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Table 34: P forms as indicated by FTIR bands 
FTIR Bands P forms 
600 – 1200  Ca5(PO4)3(OH) 
1116 – 1118  P=O 
947 – 1045 P-OH 
1000 – 1300  HPO42- 
593 P2O74- 
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Appendix A 
 
Figure 90: XRD patterns for ISSA [12] 
 
 
Figure 91: Main crystalline compounds in MSWI using XRD analysis [15] 
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Figure 92: XRD of ISSA [36] 
 
 
Figure 93: XRD graph of SSA [47] 
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Figure 94: XRD graph of MSWI [47] 
 
 
Figure 95: P-NMR spectra of rice husk biochar extracted with (a) EDTA-NaOH and (b) H2O [26] 
The peaks at approximately 5.45 and -4.85 were assigned to inorganic orthophosphate and pyrophosphate, 
respectively. The weaker signal at -18.76 was attributed to a mid-chain or penultimate P group of inorganic 
polyphosphate. 
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Appendix B: XRD & XRF Report 
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Quality Statement 
This report has been prepared with every care and has been checked as part of our quality 
procedure.   This revised version has been prepared after the customer signalled a possible  error 
in the XRD mineral identification of Beckton and Pyrolysis. The results were double checked by 
the author and Becton resulted to be incorrectly identified. The corrected results are present in 
this revised version. 
The analysis was conducted to the ETC standard operating procedures 5 and 16 which are 
subject to UKAS accreditation.   ETCbrunel is UKAS accredited testing laboratory No 2245.  
The results of experiments and analyses relate only to those samples tested and “as 
received”.   Any opinions expressed are based on these results together with other information 
supplied by the client and received in good faith and are outside the scope of UKAS 
accreditation . ETCbrunel cannot be held responsible or liable in respect of the use to which the 
information contained in this report is put.  
Where micrographs are included in the report, the indicated magnifications or scale markers are 
accurate to within ± 10% unless otherwise stated.  
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This report may only be reproduced in its entirety unless permission to do otherwise has been 
obtained from ETC Brunel University.    
This report may only be reproduced in its entirety unless permission to do otherwise has been obtained from ETC 
Brunel University.   
ETC Investigation 29128 
 
Title:    Elemental and mineralogical analyses of char and ash samples 
 
1.    Introduction 
On the 1st of August 2014 Rosanna Kleemann of Surrey University submitted four samples of 
char and ashes to the ETC for elemental and mineralogical analyses. The four samples are named 
Beckton, Crossness, Pyrolisis and Dried Sludge. The customer was present during the elemental 
analyses and part of the interpretation of the mineralogical analyses. 
2.    Analysis 
The samples were analysed elementally using X-Ray Fluorescence (XRF) and mineralogically 
using X-Ray Diffraction (XRD). 
The samples were examined within an Oxford Instruments 2000 X-ray fluorescence spectrometer operating at 
20kV. The XRF is equipped with silver tube and ISIS X’Pert Ease software. The samples were analysed in Helium 
atmosphere. 
Another portion of the samples was analysed within a Bruker D8 Advance Diffractometer with Bragg-Brentano 
geometry, equipped with copper tube and LynxEye detector. The analyses were performed between an angular 
range of 10° and 80° 2-theta with an increment of 0.02 degrees and a scan speed of 0.8s per step. 
The results were analysed using Bruker EVA linked with PDF 2 version 2011, and Rietveld Refinement was 
performed using Topas. 
3.    Results 
 The XRF analyses show that the main components of the four samples are iron and calcium, 
with minor zinc, copper and titanium. However the ratio of the main components change 
between the samples, and other minor elements are detected as follows: 
Beckton: 
Phosphorous, silicon, manganese, nickel, mercury, arsenic, bromine, lead, strontium (Fig. 1). 
Crossness: 
Phosphorous, silicon, sulphur, potassium, chromium, manganese, nickel, mercury, arsenic, 
bromine, lead, strontium (Fig. 2). 
Pyrolisis: 
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Phosphorous, aluminium, silicon, sulphur, chlorine, potassium, chromium, manganese, nickel, 
lead, bromine, strontium (Fig. 3). 
Dried Sludge: 
Phosphorous, silicon, sulphur, chlorine, potassium, chromium, manganese, nickel, lead and 
strontium (Fig.  4). 
The relative compositions of the four samples indicate (Fig. 5 to 14): 
- Beckton has a higher concentration of Manganese and Strontium compared to crossness; 
- Crossness has a higher concentration of Zinc, Arsenic and Lead compared to Beckton. 
- Nickel, Mercury and Bromine show similar concentration in Crossness and Beckton. 
- Pyrolysis has higher Iron, Calcium, Sulphur and Chlorine compared to Beckton 
- Beckton has higher Copper, Zinc, Titanium, Silicon and Potassium  compared to 
Pyrolysis 
- Beckton and Pyrolysis show similar concentration of Nickel, Chromium, Manganese, 
Phosphorous and Aluminium. 
- Pyrolysis contains higher Iron, Manganese, Chlorine and Potassium compared to 
Crossness 
- Crossness contains higher Copper, Zinc, Titanium, Silicon and Phosphorous compared to 
Pyrolysis 
- Crossness and Pyrolysis contain similar concentrations of Calcium, Chromium, 
Aluminium and Sulphur. 
- Pyrolysis contains higher concentration of Silicon, Phosphorous, Chlorine, Potassium, 
Calcium, Titanium and Manganese compared to the Dried Sludge sample 
- The Dried Sludge contains higher Sulphur and Zinc compared to the Pyrolysis. 
- Pyrolysis and Dried Sludge contain similar concentration of Aluminium, Chromium, 
Nickel, Copper, Arsenic, Lead, Strontium,  Bromine. 
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Fig. 1 elemental composition of Beckton 
 
Fig. 2 Elemental composition of crossness 
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Fig. 3 Elemental composition of Pyrolysis 
 
 
Fig. 4 Elemental composition of dried sludge 
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Fig.5, Comparison between Beckton (full line) and Crossness (dashed line) 
 
 
Fig. 6 Comparison between Pyrolysis (solid line) and Beckton (dashed line) 
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Fig. 7 Comparison between Pyrolysis (solid line) and Beckton (dashed line) 
 
 
Fig. 8 Comparison between Pyrolysis (solid line) and Beckton (dashed line) 
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Fig. 9 Comparison between Pyrolysis (solid line) and Crossness (dashed line) 
 
 
Fig. 10 Comparison between Pyrolysis (solid line) and Crossness (dashed line) 
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Fig. 11 Comparison between Pyrolysis (solid line) and Crossness (dashed line) 
 
 
 
Fig.12 Comparison between Pyrolysis (full line) and Dried Sludge (dashed line) 
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Fig.13 Comparison between Pyrolysis (full line) and Dried Sludge (dashed line) 
 
 
 
Fig.14 Comparison between Pyrolysis (full line) and Dried Sludge (dashed line) 
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and Pyrolysis (Fig.17) samples are quartz and Whitlockite-like compounds (Ca9X(PO4)7, where 
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structure, the unit cell is hexagonal with a = 10.3391±0.4 Å, c = 37.130±0.04 Å depending on 
the cation ratio (Lazoryak et al. 1996). 
Beckton also contains a phosphate, identified as a Strontium phase, it is believed that this phase 
presents large cation vicariance within its structure. Both Beckton and Crossness also contain 
Calcium Sulphate. Pyrolysis also contains calcite. 
The Dried Sludge sample (Fig. 18) has a different XRD pattern compared to the other samples. 
The peak of Quartz is recognisable using EVA, however, only using Rietveld refinement the 
following composition could be identified: Whitlockite-like compounds, calcite and ammonium 
phosphite amide. 
The quantitative analyses performed via Rietveld Refinement (error can be up to 10%) are as 
follows: 
 Beckton Crossness Pyrolysis Dried Sludge 
Whitlockite-like 
compounds 
60 65 70 20 
Quartz 31 20 9  
Calcite   6 39 
SrH(PO4) 5  4  
Anhydrite 4 15 12 1 
     
Table 1: XRD quantitative results in weight per cent 
 
 
Fig.  15 XRD pattern of Beckto 
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Fig. 16 XRD pattern of Crossness 
 
 
 
Fig. 17 XRD pattern of Pyrolysis 
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Fig. 18 Comparison of the XRD patterns resulting from the analyses of the 4 samples 
Full crystallographic description of the samples in Appendix I 
 
4. Conclusions 
The four samples are mainly composed of calcium and iron organised in a Whitlockite-like 
structure. Only Crossness shows the crystallisation of a sulphate phase. 
The Dried Sludge sample could not be characterised mineralogically, further analyses are 
advised, such as Infra-Red Spectroscopy. 
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APPENDIX I 
BECKTON 
 
Range Number :  1 
R-Values  
Rexp : 4.16    Rwp : 7.75     Rp  : 5.99   GOF : 1.86 
Rexp`: 19.87   Rwp`: 37.06    Rp` : 38.88  DW  : 0.58 
Quantitative Analysis - Rietveld  
   Phase 1  : CA9Fe(PO4)7                    59.583 % 
   Phase 2  : Quartz                         30.834 % 
   Phase 3  : "ammonium phosphite amide"     4.150 % 
   Phase 4  : SrH(PO4)                       5.433 % 
Background  
   Chebychev polynomial, Coefficient  0      495.923 
                                      1      -191.732 
                                      2      10.06774 
                                      3      -6.777712 
                                      4      -21.69683 
Instrument  
   Primary radius (mm)                       217.5 
   Secondary radius (mm)                     217.5 
   Receiving slit width (mm)                 0.1703957 
   Divergence angle (°)                      0.3 
   Full Axial Convolution 
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      Filament Length (mm)                   12 
      Sample Length (mm)                     15 
      Receiving Slit Length (mm)             12 
      Primary Sollers (°)                    2.3 
      Secondary Sollers (°)                  2.5 
   Tube_Tails  
      Source Width (mm)                      0.03097949 
      Z1 (mm)                                -0.1190331 
      Z2 (mm)                                0.6342656 
      Fraction                               0.01359054 
Corrections  
   Specimen displacement                     -0.4932887 
   LP Factor                                 0 
Structure 1  
   Phase name                                CA9Fe(PO4)7 
   R-Bragg                                   3.872 
   Spacegroup                                R3cH 
   Scale                                     2.71423635e-006 
   Cell Mass                                 6488.072 
   Cell Volume (Å^3)                         3440.74162 
   Wt% - Rietveld                            59.583 
   Crystallite Size  
      Cry Size Lorentzian (nm)               45.7 
      k:  1  LVol-IB (nm)                    29.076 
      k:  0.89  LVol-FWHM (nm)               40.648 
   Crystal Linear Absorption Coeff. (1/cm)   289.654 
   Crystal Density (g/cm^3)                  3.131 
   Lattice parameters 
      a (Å)                                  10.3263004 
      c (Å)                                  37.2590619 
Site  Np    x           y           z         Atom Occ       Beq  
Ca1   18  0.71900     0.85200     0.43370     Ca   1         1 
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Ca2   18  0.62200     0.82400     0.23310     Ca   1         1 
Ca3   18  0.12700     0.27500     0.32710     Ca   1         1 
Fe1   6   0.00000     0.00000     0.00000     Fe   1         1 
P1    6   0.00000     0.00000     0.27130     P    1         1 
P2    18  0.68400     0.85300     0.13710     P    1         1 
P3    18  0.65600     0.85000     0.03280     P    1         1 
O1    6   0.00000     0.00000     0.31480     O    1         1 
O2    18  0.01700     0.86700     0.25800     O    1         1 
O3    18  0.72900     0.91300     0.17530     O    1         1 
O4    18  0.74300     0.75800     0.12400     O    1         1 
O5    18  0.72200     0.00500     0.11480     O    1         1 
O6    18  0.50900     0.76100     0.13520     O    1         1 
O7    18  0.61000     0.94600     0.04700     O    1         1 
O8    18  0.57800     0.69300     0.05240     O    1         1 
O9    18  0.82400     0.91800     0.03970     O    1         1 
O10   18  0.62200     0.81300     0.99230     O    1         1 
 
Structure 2  
   Phase name                                Quartz 
   R-Bragg                                   2.657 
   Spacegroup                                154 
   Scale                                     0.00153727292 
   Cell Mass                                 180.252 
   Cell Volume (Å^3)                         113.16109 
   Wt% - Rietveld                            30.834 
   Crystallite Size  
      Cry Size Lorentzian (nm)               84.0 
      k:  1  LVol-IB (nm)                    53.506 
      k:  0.89  LVol-FWHM (nm)               74.802 
   Crystal Linear Absorption Coeff. (1/cm)   95.251 
   Crystal Density (g/cm^3)                  2.645 
   Lattice parameters 
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      a (Å)                                  4.9165983 
      c (Å)                                  5.4055146 
Site  Np    x           y           z         Atom Occ       Beq  
s1    3   0.47000     0.00000     0.66667     SI+4 1         0.56 
s2    6   0.41500     0.26800     0.78600     O-2  1         0.96 
 
Structure 3  
   Phase name                                ammonium phosphite amide 
   R-Bragg                                   6.118 
   Spacegroup                                P121/c1 
   Scale                                     2.64105906e-005 
   Cell Mass                                 388.135 
   Cell Volume (Å^3)                         411.67363 
   Wt% - Rietveld                            4.150 
   Crystallite Size  
      Cry Size Lorentzian (nm)               50.0 
      k:  1  LVol-IB (nm)                    31.831 
      k:  0.89  LVol-FWHM (nm)               44.500 
   Crystal Linear Absorption Coeff. (1/cm)   47.198 
   Crystal Density (g/cm^3)                  1.566 
   Lattice parameters 
      a (Å)                                  7.8374986 
      b (Å)                                  8.0902115 
      c (Å)                                  7.2366983 
      beta  (°)                              116.2113 
Site  Np    x           y           z         Atom Occ       Beq  
P1    4   0.86740     0.03060     0.35790     P    1         1 
O1    4   0.90140     -0.01030    0.17560     O    1         1 
O2    4   0.69980     -0.05090    0.37930     O    1         1 
N1    4   0.83190     0.23010     0.25120     N    1         1 
N2    4   0.33710     0.11450     0.23800     N    1         1 
H1    4   0.92370     0.30870     0.33710     H    1         1 
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H2    4   0.80380     0.25860     0.44390     H    1         1 
H3    4   0.32130     0.10930     0.37230     H    1         1 
H4    4   0.26810     0.06500     0.12410     H    1         1 
H5    4   0.45900     0.07900     0.27300     H    1         1 
H6    4   0.31800     0.22400     0.18600     H    1         1 
 
Structure 4  
   Phase name                                SrH(PO4) 
   R-Bragg                                   3.174 
   Spacegroup                                P-1 
   Scale                                     2.19421382e-005 
   Cell Mass                                 730.366 
   Cell Volume (Å^3)                         344.76069 
   Wt% - Rietveld                            5.433 
   Crystallite Size  
      Cry Size Lorentzian (nm)               50.0 
      k:  1  LVol-IB (nm)                    31.831 
      k:  0.89  LVol-FWHM (nm)               44.500 
   Crystal Linear Absorption Coeff. (1/cm)   251.387 
   Crystal Density (g/cm^3)                  3.518 
   Lattice parameters 
      a (Å)                                  7.2514334 
      b (Å)                                  6.8985786 
      c (Å)                                  7.1566301 
      alpha (°)                              92.97115 
      beta  (°)                              105.292 
      gamma (°)                              87.84106 
Site  Np    x           y           z         Atom Occ       Beq  
Sr1   2   0.28890     0.44760     0.25190     Sr   1         1 
Sr2   2   0.18030     0.84320     0.68360     Sr   1         1 
P1    2   0.79150     0.62660     0.28900     P    1         1 
P2    2   0.29870     0.94980     0.21290     P    1         1 
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O1    2   0.86470     0.80930     0.41700     O    1         1 
O2    2   0.65320     0.50860     0.36750     O    1         1 
O3    2   0.67470     0.69280     0.08420     O    1         1 
O4    2   0.94870     0.49130     0.24610     O    1         1 
O5    2   0.10370     0.06460     0.15700     O    1         1 
O6    2   0.32520     0.81640     0.04440     O    1         1 
O7    2   0.45540     0.10580     0.28120     O    1         1 
O8    2   0.29670     0.81700     0.37440     O    1         1 
 
CROSSNESS 
 
Range Number :  1 
R-Values  
Rexp : 4.19    Rwp : 8.61     Rp  : 6.77   GOF : 2.06 
Rexp`: 17.92   Rwp`: 36.86    Rp` : 37.71  DW  : 0.49 
Quantitative Analysis - Rietveld  
   Phase 1  : CA9Fe(PO4)7                    65.431 % 
   Phase 2  : Quartz                         19.914 % 
   Phase 3  : Anhydrite                      14.655 % 
Background  
   Chebychev polynomial, Coefficient  0      505.7409 
                                      1      -242.4505 
                                      2      93.02536 
                                      3      -36.19717 
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                                      4      12.40816 
Instrument  
   Primary radius (mm)                       217.5 
   Secondary radius (mm)                     217.5 
   Receiving slit width (mm)                 0.1703957 
   Divergence angle (°)                      0.3 
   Full Axial Convolution 
      Filament Length (mm)                   12 
      Sample Length (mm)                     15 
      Receiving Slit Length (mm)             12 
      Primary Sollers (°)                    2.3 
      Secondary Sollers (°)                  2.5 
   Tube_Tails  
      Source Width (mm)                      0.03097949 
      Z1 (mm)                                -0.1190331 
      Z2 (mm)                                0.6342656 
      Fraction                               0.01359054 
Corrections  
   Specimen displacement                     -0.2668124 
   LP Factor                                 0 
Structure 1  
   Phase name                                CA9Fe(PO4)7 
   R-Bragg                                   3.782 
   Spacegroup                                R3cH 
   Scale                                     3.50185844e-006 
   Cell Mass                                 6488.072 
   Cell Volume (Å^3)                         3440.44246 
   Wt% - Rietveld                            65.431 
   Crystallite Size  
      Cry Size Lorentzian (nm)               37.7 
      k:  1  LVol-IB (nm)                    23.999 
      k:  0.89  LVol-FWHM (nm)               33.550 
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   Crystal Linear Absorption Coeff. (1/cm)   289.679 
   Crystal Density (g/cm^3)                  3.131 
   Lattice parameters 
      a (Å)                                  10.3240210 
      c (Å)                                  37.2722758 
Site  Np    x           y           z         Atom Occ       Beq  
Ca1   18  0.71900     0.85200     0.43370     Ca   1         1 
Ca2   18  0.62200     0.82400     0.23310     Ca   1         1 
Ca3   18  0.12700     0.27500     0.32710     Ca   1         1 
Fe1   6   0.00000     0.00000     0.00000     Fe   1         1 
P1    6   0.00000     0.00000     0.27130     P    1         1 
P2    18  0.68400     0.85300     0.13710     P    1         1 
P3    18  0.65600     0.85000     0.03280     P    1         1 
O1    6   0.00000     0.00000     0.31480     O    1         1 
O2    18  0.01700     0.86700     0.25800     O    1         1 
O3    18  0.72900     0.91300     0.17530     O    1         1 
O4    18  0.74300     0.75800     0.12400     O    1         1 
O5    18  0.72200     0.00500     0.11480     O    1         1 
O6    18  0.50900     0.76100     0.13520     O    1         1 
O7    18  0.61000     0.94600     0.04700     O    1         1 
O8    18  0.57800     0.69300     0.05240     O    1         1 
O9    18  0.82400     0.91800     0.03970     O    1         1 
O10   18  0.62200     0.81300     0.99230     O    1         1 
 
Structure 2  
   Phase name                                Quartz 
   R-Bragg                                   3.670 
   Spacegroup                                154 
   Scale                                     0.00116670035 
   Cell Mass                                 180.252 
   Cell Volume (Å^3)                         113.12525 
   Wt% - Rietveld                            19.914 
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   Crystallite Size  
      Cry Size Lorentzian (nm)               149.4 
      k:  1  LVol-IB (nm)                    95.099 
      k:  0.89  LVol-FWHM (nm)               132.949 
   Crystal Linear Absorption Coeff. (1/cm)   95.281 
   Crystal Density (g/cm^3)                  2.646 
   Lattice parameters 
      a (Å)                                  4.9135867 
      c (Å)                                  5.4104287 
 
Site  Np    x           y           z         Atom Occ       Beq  
s1    3   0.47000     0.00000     0.66667     SI+4 1         0.56 
s2    6   0.41500     0.26800     0.78600     O-2  1         0.96 
 
Structure 3  
   Phase name                                Anhydrite 
   R-Bragg                                   2.570 
   Spacegroup                                Bmmb 
   Scale                                     0.000105290951 
   Cell Mass                                 544.565 
   Cell Volume (Å^3)                         305.34647 
   Wt% - Rietveld                            14.655 
   Crystallite Size  
      Cry Size Lorentzian (nm)               18.9 
   Crystal Linear Absorption Coeff. (1/cm)   230.103 
   Crystal Density (g/cm^3)                  2.961 
   Lattice parameters 
      a (Å)                                  6.9719123 
      b (Å)                                  6.9884148 
      c (Å)                                  6.2670378 
Site  Np    x           y           z         Atom Occ       Beq  
Ca1   4   0.00000     0.25000     0.34780     Ca   1         1 
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S1    4   0.00000     0.75000     0.15560     S    1         1 
O1    8   0.17000     0.75000     0.01570     O    1         1 
O2    8   0.00000     0.58140     0.29720     O    1         1 
 
PYROLYSIS 
 
Range Number :  1 
R-Values  
Rexp : 3.48    Rwp : 6.58     Rp  : 5.32   GOF : 1.89 
Rexp`: 15.42   Rwp`: 29.11    Rp` : 27.71  DW  : 0.56 
Quantitative Analysis - Rietveld  
   Phase 1  : CA9Fe(PO4)7                    69.891 % 
   Phase 2  : Quartz                         8.760 % 
   Phase 3  : "ammonium phosphite amide"     1.313 % 
   Phase 4  : SrH(PO4)                       3.788 % 
   Phase 5  : Anhydrite                      10.702 % 
   Phase 6  : Calcite                        5.546 % 
Background  
   Chebychev polynomial, Coefficient  0      747.118 
                                      1      -365.8046 
                                      2      233.5107 
                                      3      -129.3337 
                                      4      58.2374 
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Instrument  
   Primary radius (mm)                       217.5 
   Secondary radius (mm)                     217.5 
   Receiving slit width (mm)                 0.1703957 
   Divergence angle (°)                      0.3 
   Full Axial Convolution 
      Filament Length (mm)                   12 
      Sample Length (mm)                     15 
      Receiving Slit Length (mm)             12 
      Primary Sollers (°)                    2.3 
      Secondary Sollers (°)                  2.5 
   Tube_Tails  
      Source Width (mm)                      0.03097949 
      Z1 (mm)                                -0.1190331 
      Z2 (mm)                                0.6342656 
      Fraction                               0.01359054 
Corrections  
   Specimen displacement                     -0.2583692 
   LP Factor                                 0 
 
Structure 1  
   Phase name                                CA9Fe(PO4)7 
   R-Bragg                                   2.531 
   Spacegroup                                R3cH 
   Scale                                     6.01509675e-006 
   Cell Mass                                 6488.072 
   Cell Volume (Å^3)                         3454.18191 
   Wt% - Rietveld                            69.891 
   Crystallite Size  
      Cry Size Lorentzian (nm)               6.5 
      k:  1  LVol-IB (nm)                    4.147 
      k:  0.89  LVol-FWHM (nm)               5.798 
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   Crystal Linear Absorption Coeff. (1/cm)   288.526 
   Crystal Density (g/cm^3)                  3.119 
   Lattice parameters 
      a (Å)                                  10.3397500 
      c (Å)                                  37.3073582 
Site  Np    x           y           z         Atom Occ       Beq  
Ca1   18  0.71900     0.85200     0.43370     Ca   1         1 
Ca2   18  0.62200     0.82400     0.23310     Ca   1         1 
Ca3   18  0.12700     0.27500     0.32710     Ca   1         1 
Fe1   6   0.00000     0.00000     0.00000     Fe   1         1 
P1    6   0.00000     0.00000     0.27130     P    1         1 
P2    18  0.68400     0.85300     0.13710     P    1         1 
P3    18  0.65600     0.85000     0.03280     P    1         1 
O1    6   0.00000     0.00000     0.31480     O    1         1 
O2    18  0.01700     0.86700     0.25800     O    1         1 
O3    18  0.72900     0.91300     0.17530     O    1         1 
O4    18  0.74300     0.75800     0.12400     O    1         1 
O5    18  0.72200     0.00500     0.11480     O    1         1 
O6    18  0.50900     0.76100     0.13520     O    1         1 
O7    18  0.61000     0.94600     0.04700     O    1         1 
O8    18  0.57800     0.69300     0.05240     O    1         1 
O9    18  0.82400     0.91800     0.03970     O    1         1 
O10   18  0.62200     0.81300     0.99230     O    1         1 
 
Structure 2  
   Phase name                                Quartz 
   R-Bragg                                   3.494 
   Spacegroup                                154 
   Scale                                     0.000829367981 
   Cell Mass                                 180.252 
   Cell Volume (Å^3)                         113.01920 
   Wt% - Rietveld                            8.760 
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   Crystallite Size  
      Cry Size Lorentzian (nm)               213.9 
      k:  1  LVol-IB (nm)                    136.164 
      k:  0.89  LVol-FWHM (nm)               190.358 
   Crystal Linear Absorption Coeff. (1/cm)   95.370 
   Crystal Density (g/cm^3)                  2.648 
   Lattice parameters 
      a (Å)                                  4.9147333 
      c (Å)                                  5.4028347 
Site  Np    x           y           z         Atom Occ       Beq  
s1    3   0.47000     0.00000     0.66667     SI+4 1         0.56 
s2    6   0.41500     0.26800     0.78600     O-2  1         0.96 
 
Structure 3  
   Phase name                                ammonium phosphite amide 
   R-Bragg                                   5.903 
   Spacegroup                                P121/c1 
   Scale                                     1.55801686e-005 
   Cell Mass                                 388.135 
   Cell Volume (Å^3)                         418.73194 
   Wt% - Rietveld                            1.313 
   Crystallite Size  
      Cry Size Lorentzian (nm)               72.3 
      k:  1  LVol-IB (nm)                    46.007 
      k:  0.89  LVol-FWHM (nm)               64.318 
   Crystal Linear Absorption Coeff. (1/cm)   46.403 
   Crystal Density (g/cm^3)                  1.539 
   Lattice parameters 
      a (Å)                                  7.9310850 
      b (Å)                                  8.0539818 
      c (Å)                                  7.3074462 
      beta  (°)                              116.2242 
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Site  Np    x           y           z         Atom Occ       Beq  
P1    4   0.86740     0.03060     0.35790     P    1         1 
O1    4   0.90140     -0.01030    0.17560     O    1         1 
O2    4   0.69980     -0.05090    0.37930     O    1         1 
N1    4   0.83190     0.23010     0.25120     N    1         1 
N2    4   0.33710     0.11450     0.23800     N    1         1 
H1    4   0.92370     0.30870     0.33710     H    1         1 
H2    4   0.80380     0.25860     0.44390     H    1         1 
H3    4   0.32130     0.10930     0.37230     H    1         1 
H4    4   0.26810     0.06500     0.12410     H    1         1 
H5    4   0.45900     0.07900     0.27300     H    1         1 
H6    4   0.31800     0.22400     0.18600     H    1         1 
 
Structure 4  
   Phase name                                SrH(PO4) 
   R-Bragg                                   2.976 
   Spacegroup                                P-1 
   Scale                                     2.91496425e-005 
   Cell Mass                                 730.366 
   Cell Volume (Å^3)                         343.15849 
   Wt% - Rietveld                            3.788 
   Crystallite Size  
      Cry Size Lorentzian (nm)               50.0 
      k:  1  LVol-IB (nm)                    31.840 
      k:  0.89  LVol-FWHM (nm)               44.513 
   Crystal Linear Absorption Coeff. (1/cm)   252.561 
   Crystal Density (g/cm^3)                  3.534 
   Lattice parameters 
      a (Å)                                  7.2696101 
      b (Å)                                  6.8487501 
      c (Å)                                  7.1493736 
      alpha (°)                              93.9535 
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      beta  (°)                              104.8189 
      gamma (°)                              87.4422 
Site  Np    x           y           z         Atom Occ       Beq  
Sr1   2   0.28890     0.44760     0.25190     Sr   1         1 
Sr2   2   0.18030     0.84320     0.68360     Sr   1         1 
P1    2   0.79150     0.62660     0.28900     P    1         1 
P2    2   0.29870     0.94980     0.21290     P    1         1 
O1    2   0.86470     0.80930     0.41700     O    1         1 
O2    2   0.65320     0.50860     0.36750     O    1         1 
O3    2   0.67470     0.69280     0.08420     O    1         1 
O4    2   0.94870     0.49130     0.24610     O    1         1 
O5    2   0.10370     0.06460     0.15700     O    1         1 
O6    2   0.32520     0.81640     0.04440     O    1         1 
O7    2   0.45540     0.10580     0.28120     O    1         1 
O8    2   0.29670     0.81700     0.37440     O    1         1 
 
Structure 5  
   Phase name                                Anhydrite 
   R-Bragg                                   2.075 
   Spacegroup                                Bmmb 
   Scale                                     0.000120852293 
   Cell Mass                                 544.565 
   Cell Volume (Å^3)                         313.65037 
   Wt% - Rietveld                            10.702 
   Crystallite Size  
      Cry Size Lorentzian (nm)               15.0 
   Crystal Linear Absorption Coeff. (1/cm)   224.011 
   Crystal Density (g/cm^3)                  2.883 
   Lattice parameters 
      a (Å)                                  7.4166201 
      b (Å)                                  6.6996170 
      c (Å)                                  6.3123315 
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Site  Np    x           y           z         Atom Occ       Beq  
Ca1   4   0.00000     0.25000     0.34780     Ca   1         1 
S1    4   0.00000     0.75000     0.15560     S    1         1 
O1    8   0.17000     0.75000     0.01570     O    1         1 
O2    8   0.00000     0.58140     0.29720     O    1         1 
 
Structure 6  
   Phase name                                Calcite 
   R-Bragg                                   2.651 
   Spacegroup                                167 
   Scale                                     4.84776633e-005 
   Cell Mass                                 600.521 
   Cell Volume (Å^3)                         367.45640 
   Wt% - Rietveld                            5.546 
   Crystallite Size  
      Cry Size Lorentzian (nm)               20.8 
   Crystal Linear Absorption Coeff. (1/cm)   201.934 
   Crystal Density (g/cm^3)                  2.714 
   Preferred Orientation (Dir 1 : 1 0 4)     1 
   Lattice parameters 
      a (Å)                                  4.9923130 
      c (Å)                                  17.0243907 
Site  Np    x           y           z         Atom Occ       Beq  
s1    6   0.00000     0.00000     0.00000     CA+2 1         0.95 
s2    6   0.00000     0.00000     0.25000     C    1         0.9 
s3    18  0.25700     0.00000     0.25000     O    1         0.94 
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DRIED SLUDGE 
 
Range Number :  1 
R-Values  
Rexp : 3.38    Rwp : 5.42     Rp  : 4.34   GOF : 1.60 
Rexp`: 37.41   Rwp`: 59.90    Rp` : 69.13  DW  : 0.78 
Quantitative Analysis - Rietveld  
   Phase 1  : CA9Fe(PO4)7                    20.159 % 
   Phase 2  : "ammonium phosphite amide"     1.226 % 
   Phase 3  : Calcite                        39.201 % 
Background  
   Chebychev polynomial, Coefficient  0      913.3213 
                                      1      -595.2136 
                                      2      217.2661 
                                      3      -82.42077 
                                      4      28.63122 
Instrument  
   Primary radius (mm)                       217.5 
   Secondary radius (mm)                     217.5 
   Receiving slit width (mm)                 0.1703957 
   Divergence angle (°)                      0.3 
   Full Axial Convolution 
      Filament Length (mm)                   12 
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      Sample Length (mm)                     15 
      Receiving Slit Length (mm)             12 
      Primary Sollers (°)                    2.3 
      Secondary Sollers (°)                  2.5 
   Tube_Tails  
      Source Width (mm)                      0.03097949 
      Z1 (mm)                                -0.1190331 
      Z2 (mm)                                0.6342656 
      Fraction                               0.01359054 
Corrections  
   Specimen displacement                     -0.4010087 
   LP Factor                                 0 
 
Structure 1  
   Phase name                                CA9Fe(PO4)7 
   R-Bragg                                   1.429 
   Spacegroup                                R3cH 
   Scale                                     3.56225429e-007 
   Cell Mass                                 6488.072 
   Cell Volume (Å^3)                         3516.18241 
   Wt% - Rietveld                            20.159 
   Crystallite Size  
      Cry Size Lorentzian (nm)               120.5 
      k:  1  LVol-IB (nm)                    76.736 
      k:  0.89  LVol-FWHM (nm)               107.278 
   Crystal Linear Absorption Coeff. (1/cm)   283.439 
   Crystal Density (g/cm^3)                  3.064 
   Preferred Orientation (Dir 1 : 2 1 7)     9.754942 
                         (Dir 2 : 0 2 10)    0.3717877 
      Fraction of Dir 1                      0.2566853 
   Lattice parameters 
      a (Å)                                  10.3946884 
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      c (Å)                                  37.5766290 
Site  Np    x           y           z         Atom Occ       Beq  
Ca1   18  0.71900     0.85200     0.43370     Ca   1         1 
Ca2   18  0.62200     0.82400     0.23310     Ca   1         1 
Ca3   18  0.12700     0.27500     0.32710     Ca   1         1 
Fe1   6   0.00000     0.00000     0.00000     Fe   1         1 
P1    6   0.00000     0.00000     0.27130     P    1         1 
P2    18  0.68400     0.85300     0.13710     P    1         1 
P3    18  0.65600     0.85000     0.03280     P    1         1 
O1    6   0.00000     0.00000     0.31480     O    1         1 
O2    18  0.01700     0.86700     0.25800     O    1         1 
O3    18  0.72900     0.91300     0.17530     O    1         1 
O4    18  0.74300     0.75800     0.12400     O    1         1 
O5    18  0.72200     0.00500     0.11480     O    1         1 
O6    18  0.50900     0.76100     0.13520     O    1         1 
O7    18  0.61000     0.94600     0.04700     O    1         1 
O8    18  0.57800     0.69300     0.05240     O    1         1 
O9    18  0.82400     0.91800     0.03970     O    1         1 
O10   18  0.62200     0.81300     0.99230     O    1         1 
 
Structure 2  
   Phase name                                ammonium phosphite amide 
   R-Bragg                                   3.984 
   Spacegroup                                P121/c1 
   Scale                                     3.0216689e-006 
   Cell Mass                                 388.135 
   Cell Volume (Å^3)                         421.38013 
   Wt% - Rietveld                            1.226 
   Crystallite Size  
      Cry Size Lorentzian (nm)               75979907830.0 
      k:  1  LVol-IB (nm)                    48370311627.241 
      k:  0.89  LVol-FWHM (nm)               67622117968.700 
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   Crystal Linear Absorption Coeff. (1/cm)   46.111 
   Crystal Density (g/cm^3)                  1.530 
   Lattice parameters 
      a (Å)                                  7.9156655 
      b (Å)                                  8.2774515 
      c (Å)                                  7.1990754 
      beta  (°)                              116.7049 
Site  Np    x           y           z         Atom Occ       Beq  
P1    4   0.86740     0.03060     0.35790     P    1         1 
O1    4   0.90140     -0.01030    0.17560     O    1         1 
O2    4   0.69980     -0.05090    0.37930     O    1         1 
N1    4   0.83190     0.23010     0.25120     N    1         1 
N2    4   0.33710     0.11450     0.23800     N    1         1 
H1    4   0.92370     0.30870     0.33710     H    1         1 
H2    4   0.80380     0.25860     0.44390     H    1         1 
H3    4   0.32130     0.10930     0.37230     H    1         1 
H4    4   0.26810     0.06500     0.12410     H    1         1 
H5    4   0.45900     0.07900     0.27300     H    1         1 
H6    4   0.31800     0.22400     0.18600     H    1         1 
 
Structure 3  
   Phase name                                Calcite 
   R-Bragg                                   1.233 
   Spacegroup                                167 
   Scale                                     7.16784763e-005 
   Cell Mass                                 600.521 
   Cell Volume (Å^3)                         367.12252 
   Wt% - Rietveld                            39.201 
   Crystallite Size  
      Cry Size Lorentzian (nm)               47.5 
   Crystal Linear Absorption Coeff. (1/cm)   202.118 
   Crystal Density (g/cm^3)                  2.716 
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   Preferred Orientation (Dir 1 : 1 0 4)     1 
   Lattice parameters 
      a (Å)                                  4.9867140 
      c (Å)                                  17.0471379 
Site  Np    x           y           z         Atom Occ       Beq  
s1    6   0.00000     0.00000     0.00000     CA+2 1         0.95 
s2    6   0.00000     0.00000     0.25000     C    1         0.9 
s3    18  0.25700     0.00000     0.25000     O    1         0.94 
 
Appendix C: Sekiya Method 
Sekiya Method of P Fractionation 
Zhang et al. (2001) 
1. 2.5% acetic acid + 1 M NH4Cl = Ca-P 
2. 1 M NH4F = Al=P 
3. 0.1 M NaOH = Fe-P 
4. Insoluble P = total P – extractable P 
Phimsirikul & Matoh (2003) 
9. 500mg ash extracted with 30ml of 2.5% (v/v) acetic acid – shaken for 2 hours 
10. Suspension centrifuged – supernatant collected 
11. Soil left over in tube washed twice with 15ml of 1 M NH4Cl – both washed solutions added to extract of 
acetic acid – filled up to 60ml with distilled water (Solubilized Ca-P) 
12. Soil sample extracted with 30 ml of 1 M NH4F (pH 7) – shaken for 1 hour and centrifuged – collect 
supernatant (Solubilized Al-P) 
13. Soil sample washed twice with 10 ml of saturated NaCl solution – discarded 
14. Soil sample extracted with 30 ml 0.1 M NaOH – shaken for 17 hours  – centrifuged – collect supernatant 
(Solubilised Fe-P) 
15. Each extract filtered through 0.20 mm membrane filter 
16. Fraction of each was digested with HNO3-H2SO4 to determine total extracted P – done by Spencer House 
Nakajima et al. (1979) 
1. Sample placed in 250 ml centrifuge tube – extracted with 100 ml 2.5% acetic acid – shaken for 2 hours – 
HOW MUCH SAMPLE?? 
2. Suspension centrifuged and supernatant collected into 200 ml volumetric flask 
3. Residual samples washed twice with 50 ml of 1 M NH4Cl 
4. Suspension centrifuged and supernatant poured into flask containing acetic acid extract – diluted to 200 
ml with distilled water – PO4-P measured – (Solubilised Ca-P) 
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5. Rest of sample extracted with 100 ml of 1M NH4F (pH 7) – shake for 1 hour – measure PO4-P – (Solubilised 
Al-P) 
6. Sample after extraction of Al-P was washed twice with 50 ml saturated NaCl solution  - centrifuged and 
supernatant discarded 
7. Sample extracted with 100 ml of 0.1 M NaOH for 17 hours by magnetic stirrer – suspension filtered and 
PO4-P measured  - (Solubilised Fe-P) 
Otani & Ae (1997) 
1. 300 mg of ash extracted with 30 ml of 0.44 M (2.5% v/v) acetic acid – shake for 2 hours 
2. Suspension centrifuged and supernatant decanted 
3. Sample washed twice with 15 ml of 1 M NH4Cl both washing solutions added to extract of acetic acid – 
filled to 100 ml with distilled water – (Solubilised Ca-P) 
4. Sample extracted with 30 ml of 1 M NH4F (pH 7) for 1 hour – centrifuged and supernatant collected – 
(Solubilised Al-P) 
5. Sample washed twice with 15 ml NaCl solution – discarded 
6. Sample extracted with 30 ml 0.1 M NaOPH for 17 hours – centrifuged – collect supernatant – (Solubilised 
Fe-P) 
 (Phimsirikul & Matoh, 
2003) 
(Nakajima, et al., 
1979) 
(Otani & Ae, 
1997) 
 
1. Sample quantity 500 mg ??? 300 mg 
C
a-P
 
2. 2.5% Acetic acid (0.44M) 30 ml 100 ml 30 ml 
3. Shake 2 hours 2 hours 2 hours 
4. Centrifuge – collect supernatant    
5. Sample left over wash twice with 
1 M NH4Cl 
15 ml 50 ml 15 ml 
6. Add to flask containing acetic acid 
extract 
   
7. Fill flask with distilled water – 
measure P 
60 ml 200 ml 100 ml 
Measure TP, PO4-P, Ca, Al, Fe 
8. Extract sample with 1 M NH4F (pH 
7) 
30 ml 100 ml 30 ml 
A
l-P
  9. Shake for 1 hour and centrifuge – 
measure P 
   
Measure TP, PO4-P, Ca, Al, Fe 
10. Wash sample twice with 
saturated NaCl solution 
10 ml 50 ml 15 ml 
Fe
-P
 
11. Centrifuge and discard 
supernatant 
   
12. Extract sample with 0.1 M NaOH 30 ml 100 ml 30 ml 
13. Shake for 17 hours    
14. Centrifuge – measure supernatant 
P 
   
Measure TP, PO4-P, Ca, Al, Fe 
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Abstract 
Phosphorus (P) is a finite natural resource which is imported from phosphate mines for use as fertiliser. The 
recovery of P from wastewater treatment works (WWTW) as struvite fertiliser can help alleviate the reliance on 
imported P and close the P loop nationally. Sludge remaining from biological nutrient removal is high in PO4-P, but 
simultaneous chemical P removal can produce an insoluble ferric phosphate which is not bioavailable for recovery 
as struvite. Reducing chemical P removal improves BNR capacity to remove P biologically; increases PO4-P 
concentrations across the site; increases struvite fertiliser recovery rates; and decreases sludge cake volume. 
Keywords: Phosphorus recovery; Phosphorus removal; Struvite 
 
Introduction 
Phosphorus (P) is an essential nutrient for all living organisms and is a critical component of fertiliser (Ashley, et al., 
2011). However, P is a non-renewable resource which has no substitutes in the environment. There is growing 
concern over the future of P rock reserves, especially as the world’s population grows (Ashley, et al., 2011). In 
2009, the UK imported 77 kt P/year for use as fertiliser (Cooper & Carliell-Marquet, 2013). P recovery from waste 
can help alleviate reliance on imported P. In order to meet the demand for P fertiliser, P recovery from wastewater 
treatment works (WWTW) is ideal. In 2009 UK WWTW received 55 kt of P contained in wastewaters (Cooper & 
Carliell-Marquet, 2013). The production of fertiliser from WWTW can help reduce reliance on imported P fertilisers 
and help close the P loop nationally. 
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Additionally, excess P discharges in surface waters have been highlighted as a major eutrophication concern under 
the European Water Framework Directive. Due to the stringent discharge targets, biological and chemical 
processes have been developed to remove nutrients from wastewater (Doyle & Parsons, 2002). The biological 
nutrient removal system (BNR) is an established P removal technology in WWTW in which P removal is achieved by 
the uptake and removal of P by polyphosphate accumulative microorganisms (PAO) in an anaerobic-aerobic 
sequence (Hu, et al., 2012; Henze, et al., 2008). The activated sludge produced from the BNR process is rich in PO4-
P (Wentzel, et al., 2008). However, the reliability and stability of BNR is of concern as deterioration in performance 
can lead to violations of discharge consents (Oehmen, et al., 2007). A practical solution to meet effluent standards 
is to supplement biological P removal with chemical P removal (de Haas, et al., 2000). Ferric chloride (FeCl3) is a 
common chemical coagulant used to remove soluble P into insoluble ferric bound phosphate compounds which 
are precipitated into sludge. These insoluble ferric phosphates are not biologically available for the recovery of P as 
struvite (MgNH4PO4·6H2O) fertiliser (Ofverstrom, et al., 2011; De-Bashan & Bashan, 2004; Rittmann, et al., 2011). 
In order to increase the availability of P for recovery as struvite, the simultaneous chemical removal of P must be 
reduced to allow more P to become freely bioavailable as PO4-P for recovery as struvite. 
Struvite is a white crystalline substance composed of magnesium ammonium phosphate in equi-molar 
concentrations. Struvite forms according to the equation: 
Mg2+ + NH4+ + PO43- + 6H2O → MgNH4PO4·6H2O(s) (1) 
Due to the removal of nutrients from wastewater, waste sludge contains high concentrations of P, N and Mg. 
Anaerobic digestion (AD) of BNR sludge releases high quantities of Mg and PO4-P, which coupled with high 
concentrations of NH4 in wastewater make conditions ideal for the formation of struvite (Jaffer, et al., 2002). 
Struvite is a nuisance in WWTPs as it forms a hard deposit on the inside of pipes and pumps. This results in 
increased maintenance effort (and cost) to remove deposits (Doyle & Parsons, 2002). Controlling struvite 
formation reduces the concentrations of PO4-P returning to the head of works (HoW). The BNR system is 
improved, allowing the site to meet PO4-P effluent discharge consents more easily (Bilyk, et al., 2011). The 
production of a struvite fertiliser provides an additional revenue stream for WWTW.  
A case study of Slough STW, UK if used to examine the preparations involved for the installation of a P recovery 
system. The P recovery system installed at this WWTW was designed for a PO4-P concentration of 100 mg/l, but 
due to the introduction of chemical P removal onsite, this PO4-P concentration has dropped drastically, with the 
effect of significantly reducing the struvite fertiliser recovery rate to approximately 40-50%. Simultaneous FeCl3 
dosing must be reduced to increase the PO4-P available for recovery as struvite fertiliser. A gradual decrease in 
FeCl3 dosing allows the microorganisms to adjust to the new environment and repopulate until they are capable of 
removing P to achieve discharge standards without the aid of FeCl3 addition. 
The objective of this research is to investigate the effects of FeCl3 dosing on the WWTW and its implications on 
struvite fertiliser recovery. The effects of FeCl3 reduction being monitored include: the remediation of the BNR 
system to remove P biologically, the consequent increase in PO4-P concentrations entering the P recovery system 
(improving struvite fertiliser recovery rates); the adjustment in influent PO4-P at the HoW due to internal recycle 
streams; and the reduction of sludge cake volumes. While information is available reporting the recovery of P from 
WWTPs, there has been little published work on the preparation of full scale WWTP prior to the recovery of P. This 
research acts as a precursor to the recovery of P from sludge, describing the importance of preparing sites prior to 
the installation of P recovery systems. 
 
Methods 
Slough STW 
Slough STW serves a population equivalent of approximately 238,000. A significant proportion of this PE is 
industry, including food packaging and confectionary producers. Slough STW also accepts imported sludge from 
other smaller STW located nearby.  
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Figure 96: Process diagram of Slough STW 
Originally, wastewater was treated solely using a BNR process. However, within six months of commissioning the 
BNR plant, Slough STW suffered problems with struvite precipitation in the pipeline between the digested sludge 
holding tank and centrifuge. The centrate lines and pumps had become restricted to such an extent that it was no 
longer possible to transfer sludge to the centrifuge for dewatering (Jaffer, et al., 2002). In order to suppress PO4-P 
release in the BNR process, FeCl3 was dosed into the HoW immediately prior to the aeration phase of the BNR 
process. Iron ions in solution react with PO4-P producing insoluble metal phosphates (Crutchik & Garrido, 2012). 
The metal salt precipitates phosphorus into sludge, thereby removing the potential for struvite formation in the 
digester (De-Bashan & Bashan, 2004).  
Research carried out by Jaffer et al., (2002) in Slough STW, recognised that P recovered in the form of struvite is a 
commercially viable product. Following from this Ostara were contracted to install their nutrient recycling process 
in Slough STW. By displacing PO4-P from the sludge network into a struvite fertiliser, the PO4-P returned to the 
HoW and moved throughout the site will be reduced. 
Bio-P Experiment 
A bio-P experiment was conducted on BNR sludge to observe the capacity of microorganisms to remove P from 
wastewater. P release and P uptake are measured during induced anaerobic and aerobic phases of two hours 
duration each. Volatile suspended solids (VSS) are measured at the start of the anaerobic phase, at the end of the 
anaerobic phase and at the end of the aerobic phase. PO4-P was measured every ten minutes during the 
experiment. Specific P release and specific P uptake (mg PO4-P/g VSS) are calculated using equations 2 and 3. 
 
 
 
Results and Discussion  
Effect of FeCl3 on BNR process 
The results presented describe the effects the reduction of FeCl2 has on the capacity of microorganisms in the 
activated sludge process to remove PO4-P from wastewater. Simultaneous chemical P removal is commonly used 
in activated sludge systems to supplement biological P removal. However, simultaneous chemical precipitation 
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may have a deleterious effect on biological P removal (de Haas, et al., 2000). The addition of FeCl3 results in a 
reduction in pH values creating an environment which is unsuitable for the normal metabolic activity of most 
microorganisms in the BNR system (Caravelli, et al., 2010). As the pH of the system approaches that for normal 
metabolic activity the specific PO4-P release and PO4-P uptake of microorganisms increased. 
Table 35: Multiple linear regression analysis of specific P release predictors 
Coefficientsa 
Model Unstandardized 
Coefficients 
Standardized 
Coefficients 
t Sig. 
B Std. Error Beta 
1 (Constant) 10.980 1.985  5.531 .000 
Fe concentrations in BNR 
sludge (mg/kg) 
.000 .000 -.920 -4.557 .001 
Average Temperature (°C) .071 .071 .192 1.009 .339 
Average Rainfall (mm) -.982 1.020 -.186 -.962 .361 
a. Dependent Variable: Specific P Release (mg PO4-P/g VSS) 
 
Table 36: Multiple linear regression analysis of specific P uptake predictors 
Coefficientsa 
Model Unstandardized 
Coefficients 
Standardized 
Coefficients 
t Sig. 
B Std. Error Beta 
1 (Constant) 17.020 3.079  5.528 .000 
Fe concentrations in BNR 
sludge (mg/kg) 
-.001 .000 -.901 -4.428 .002 
Average Temperature (°C) .126 .110 .220 1.149 .280 
Average Rainfall (mm) -.765 1.582 -.094 -.484 .640 
a. Dependent Variable: Specific P Uptake (mg PO4-P/g VSS) 
 
 It is considered that temperature and rainfall have an effect on the biological system. In order to determine if 
FeCl3 dosing has a greater effect than environmental factors, multiple linear regression analysis was conducted. 
Multiple linear regression analysis allows for the comparison of significance between potential predictors 
(temperature, rainfall and Fe (mg/kg) in SAS) on PO4-P release and PO4-P uptake. Tables 1 and 2 display Fe 
concentrations in BNR sludge exert a significant effect on the biological system, while average temperature and 
average rainfall are not significant factors. The negative beta coefficients (-3.08 and -3.72) defines an inverse 
relationship between PO4-P release and PO4-P uptake. The reduction of Fe returned the pH of the system back to a 
suitable state to allow microorganisms responsible for BNR to repopulate, improving the PO4-P release and PO4-P 
uptake capability. It is generally observed that as Fe concentrations reduce PO4-P release and PO4-P uptake 
increase. From the introduction of the FeCl3 management plan it was expected that PO4-P concentrations in 
centrate would increase as more freely bioavailable PO4-P is present in SAS, due to the reduced presence of PO4-P 
binding Fe. 
Effect of FeCl3 on PO4-P Concentrations  
The sampling period covers the period prior to changes onsite occurring (October 2011 – November 2012), the 
introduction of an iron management system (January 2013) and the changing of the sampling point due to 
installation of the P recovery process (August 2013). FeCl3 dosing management began in January 2013 in order to 
promote BNR process, to increase PO4-P in centrate for recovery as struvite fertiliser. The FeCl3 dosing was to be 
continuously reduced from January 2013, but due to the restraints of meeting final effluent discharge consents on 
an operational site FeCl3 dosing was occasionally increased. 
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Table 37: Average Fe & PO4-P concentrations over various sampling periods 
Description Sampling Period 
Average Fe 
concentration (mg/l) 
Average PO4-P 
concentration (mg/l) 
Entire Sampling Regime 
October 2011 –  
May 2014 
7.67 ± 7.78 67.66 ± 18.1 
Pre-FeCl3 Management 
October 2011 – November 
2012 
4.96 ± 5.27 62.05 ± 7.15 
Post-FeCl3 Management 
January 2013 –  
May 2014 
9.27 ± 8.6 70.55 ± 8.59 
Pre-Sample Point Change 
October 2011 –  
July 2013 
8.56 ± 8.27 64.88 ± 10.19 
Post-Sample Point Change 
August 2013  –  
May 2014 
6.56 ± 7.07 71.07 ± 24.16 
 
From table 3, it can be seen that the Fe concentration after the introduction of the FeCl3 dosing management 
system increased, as opposed to the desired outcome. The concentrations of Fe samples collected from the period 
January 2013 to May 2013 averaged 19.5 ± 7.3 mg/l. The average for this initial period average far exceeds the 
January 2013 – May 2014 average of 9.27 ± 8.6 mg/l. The disparity in averages indicates that approximately five 
months was required to achieve significant reduction of Fe concentrations in centrate. This is due to the recycle of 
Fe throughout the site sludge network and the long residence time of sludge in the AD. Excluding this January to 
May 2013 period the average Fe concentration drops to 6.76 ± 6.89 mg/l. PO4-P concentrations increased 
following the introduction of the FeCl3 dosing management plan as expected. However, it must be established 
whether the introduction of the FeCl3 dosing management plan was indeed responsible for the increasing PO4-P 
concentrations and other external environmental factors were not the cause.  
Multiple linear regression analysis was conducted to determine the relationship between PO4-P and its potential 
predictors. The Fe concentration variable, dummy variables FeCl3 dosing management and sample point change, 
and average temperature and rainfall were analysed for their relationship to PO4-P concentrations in centrate 
during the full sampling period from October 2011 - May 2014.  
Table 38: Multiple linear regression analysis of PO4-P concentrations in centrate 
 
According to the regression analysis, Fe concentrations and the FeCl3 dosing management are significant 
predictors of PO4-P, while the sample point change, average temperature and average rainfall are not significant 
predictors of PO4-P concentrations. The regression analysis demonstrates that changing Fe concentrations has an 
inverse effect on PO4-P concentrations in centrate, as expected. The introduction of the FeCl2 dosing management 
plan has a positive effect on PO4-P concentrations, increasing concentrations, as intended. The changing of the 
sampling point appears to have low inverse significance on PO4-P concentrations. By moving the sampling point 
closer to the centrifuge and directly to the feed of the P recovery process the PO4-P concentrations decreased 
slightly. The original sampling point was encrusted with struvite containing PO4-P which would have been washed 
Coefficientsa 
Model Unstandardized 
Coefficients 
Standardized 
Coefficients 
t Sig. 
B Std. Error Beta 
1 (Constant) 60.096 6.558  9.164 .000 
Fe concentration in centrate 
(mg/l) 
-.827 .320 -.342 -2.583 .012 
FeCl3 dosing management 19.683 6.466 .507 3.044 .003 
Sampling point change -7.981 6.086 -.216 -1.311 .194 
Average Temperature (°C) .513 .405 .143 1.267 .209 
Average Rainfall (mm) .153 5.392 .003 .028 .977 
a. Dependent Variable: PO4-P concentration in centrate (mg/l) 
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off the walls of the pipes increasing PO4-P measured in samples. As new pipes (free from struvite) were installed 
with the P recovery process there was no longer a source of additional PO4-P in the pipe network. 
Reduction in PO4-P to head of works 
As a result of reducing FeCl3 dosing the PO4-P concentrations across the entire site increased (with the exception of 
influent, imported sludge and final effluent). Reducing the presence of Fe onsite leads to an increase in PO4-P, as 
the metal salt will no longer inhibit the hydrolysis of polyphosphates in the BNR and AD processes (Crutchik & 
Garrido, 2012; Ofverstrom, et al., 2011). 
In Slough WWTW, centrate, SAS liquors and PFT liquors mix together in a recycle stream and returned to the HoW. 
It is estimated that 22.5% of tot.P and 22.3% of PO4-P entering the HoW (before primary settlement tank (PST)) is 
due to return liquor streams from sludge treatment processes. This compares well with 26% total phosphorus 
return percentage reported by Jaffer et al. (2002); PO4 was not reported. Evans’ (2009) report that sludge 
dewatering liquors contribute 20% to the influent phosphorus concentrations. The majority of P in the return 
stream, 40.6% tot.P and 69.8% PO4-P originates from the centrifuge centrate liquors. Upon reducing FeCl3 dosing, 
the contribution of this recycle stream to the HoW increased markedly to 32.9%, with 20.3% of the influent PO4-P 
arising from centrate. This leads to an increase in PO4-P present in the site, enhancing struvite precipitation 
potential (SPP) inside pumps and pipes. The SPP will be reduced by the removal of PO4-P from the site through the 
recovery of struvite fertiliser. 
Reduction in sludge cake volume 
In addition to the increase observed in PO4-P concentrations onsite, a decrease in solids volumes (based on 
suspended solids and dry solids content) across the site occurs. It is estimated using a mass balance approach that 
sludge cake mass can be reduced by a maximum of 1790 kg/day (based on dry solids). Lees et al. (2001) report that 
chemical dosing increased sludge mass by 35-45% when dosing directly into the secondary tank. Ofverstrom et al., 
2011 state that chemical P removal can produce as much as three times more sludge than an un-dosed site. 
Applying this estimation to this WWTW, a reduction in chemical dosing would result in a  reduction in sludge cake 
mass of 1614 kg/day  (Ofverstrom, et al., 2011). The theoretical reduction in sludge cake mass obtained from the 
mass balance agrees quite favourably with calculations based on data obtained from Ofverstrom et al., (2011). 
 
Conclusions 
The research presented describes the effects of the reduction of FeCl3 dosing exert in a WWTW; improved BNR 
microorganism capacity to remove P; increase in PO4-P available for recovery as struvite fertiliser; increase in PO4-
P recycled to the HoW and reduction in sludge cake volume. The deleterious effect of FeCl3 dosing on 
microorganisms responsible for P removal with the subsequent enhancement of BNR capacity by reducing 
chemical dosing is demonstrated. Reducing FeCl3 dosing increases bioavailable PO4-P concentrations in centrifuge 
centrate significantly as insoluble ferric bound phosphate no longer forms. Approximately five months was 
required to achieve a two-fold increase in centrate PO4-P concentrations. This highlights the need to begin the 
FeCl3 weaning process months before the operation of a P recovery plant to achieve best economic recovery rates 
of struvite. The increase in PO4-P concentrations is experienced throughout the site, increasing the PO4-P 
concentrations in recycle stream to the HoW. Upon reducing chemical dosing, sludge cake volume is calculated to 
reduce by 1790 kg/day, providing significant sludge handling savings for the WWTW. 
The recovery of P as struvite fertiliser benefits the WWTW by improving robustness of BNR capacity to meet P 
discharge consents, increasing struvite fertiliser recovery and reducing sludge handling costs. National recovery of 
P fertiliser will lead to reduced dependence on imported P fertilisers. Recovery of P from WWTW will help create a 
closed P loop society in which national demand for P fertilisers is met locally rather than importing from strained 
phosphate mines. 
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Appendix E: Ecological Economics Book Review 
Sustainable Phosphorus Management - A Global Transdisciplinary Roadmap. Editors: Roland W. Scholz, Amit 
Roy, Fridolin S. Brand, Deborah T. Hellums and Andrea E. Ulrich. ISBN: 978-94-007-7249-6 
As the editors state at the very start of their introduction to this volume, much has indeed been written on 
phosphorus. So why the need for yet another one? Well it increasingly looks like we could be facing something of a 
global crisis in phosphorus supply and given how important this element is for crop growth this is undoubtedly a 
concern (Carpenter & Bennett, 2011). Sources of the element are becoming more limited and unevenly 
distributed, raising questions over the future of global phosphorus supply.  
Given this uncertain context then any insights would be most welcome. This edited volume comprising a total of 
seven chapters is a key output from two years work in the Global TraPs project. The Global TraPs project is a multi-
stakeholder forum which aims to improve phosphorus use by assessing current information, highlighting 
knowledge gaps and developing options to achieve efficient phosphorus use globally. 
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The aim of this volume is to “serve as a reference for the better understanding and promotion of sustainable 
phosphorus use”. The authors envisage the book as a guide to help develop orientations on how food security may 
be achieved and how the current low use efficiency may be increased by improving utilisation strategies and 
developing new technologies. The book provides a comprehensive review of phosphorus from all aspects of the 
supply-demand chain, with key researchers having been enlisted to write chapters concentrating on each node. 
The aspirations of the authors are to link materials flows with human actions and decisions to create a coupled 
human-environment system which can achieve sustainable phosphorus management. Ultimately the book 
describes that phosphorus scarcity is an economic issue and needs to be avoided on a daily and evolutionary 
(100,000 years+) timescale.  
The structure of the book follows a logical 'life cycle' sequence taking the reader from mining to processing, use, 
and dissipation/recycling. The final chapter explores what its authors call ‘trade and finance as cross-cutting 
issues’. It does seem a bit odd to have finance and trade as a separate chapter rather than embedding these issues 
within the life cycle of phosphorus, but in fairness these are touched upon throughout the text. Chapter one 
provides a useful overview of everything scientists or stakeholders would need to know about phosphorus and the 
challenges facing phosphorus sustainability today. Given this objective the chapter is understandably a very long 
one, taking up a total of 128 out of the 299 pages of the book. A significant strength of the book is that it covers 
just about every aspect of phosphorus management. The target audience is claimed to be members of the Global 
TRaPs project, those interested in sustainable phosphorus management and other scientists and stakeholders 
interested in sustainable resources management. Given that the book unashamedly focuses on phosphorus 
management there may be little in the way of lessons for other mined resources.  
One rather odd aspect of the chapter structure is the use of appendices - called spotlights - at the end of some of 
them. The spotlights are standalone essays covering some aspect of phosphorus management and seem almost 
like add-ons rather than being integrated with the lessons being drawn from the chapters to which they are 
attached. Thus, chapter 4 which is focussed on phosphorus processing has a spotlight at the end which explores 
options for processing manure from a phosphorus use perspective. At the end of chapter 5, which looks at use, 
there are four spotlights two of which explore phosphorus in human health. On the one hand the reader is left 
wondering why the topics on the spotlights are not covered in the main chapter text but at the same time it is nice 
to see certain aspects of phosphorus management singled out for special treatment.   
Throughout the book the authors have taken a transdisciplinary perspective and in the first chapter this is defined 
as the “integration of knowledge between practice and science”. Sustainability in the context of this book goes 
beyond the environmental, economic, and technological dimensions and includes considerations of social and 
equity dimensions of phosphorus. The aim of sustainable phosphorus management is to use phosphorus more 
efficiently and reduce relative and absolute consumption. The key strength of this book is the balanced view of 
phosphorus across the globe. Analysis of global surpluses/deficits is taken into consideration when discussing the 
equity issue of phosphorus. This is especially noted in the discussions regarding resources and reserves in which 
uncertainties and all sides of the argument are clearly presented. A definition of resources versus reserves would 
have been useful for those readers unsure of the exact meaning of these important and much used terms. 
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As can so often be the case with edited volumes the use of so many different authors, while useful for gathering a 
wealth of information lends itself to creating a disjointed flow between chapters. This is not an easy aspect of 
edited volumes to address and the editors of the volume have done a far better job at handing it than some, and 
indeed the reader is perhaps more likely to dip into the chapters rather than read it from cover to cover. Even so 
one feels that more could have done to enhance a sense of consistency in style between chapters. For example, in 
chapter one there are five key messages highlighted at the end of some sections. This is a very useful for 
synthesising information, but for some reason it has not been repeated anywhere else in the book.  
The text is laced with extensive use of colour graphs and figures, which is always nice to see, and referencing is 
thorough. However, an inevitable weakness in this book lies in the fact that phosphorus research on resources and 
reserves is in rapid flux. Books that focus on such matters can become outdated very quickly. Indeed, the book 
misses a concluding chapter which seeks to synthesise the key messages of the seven chapters into the materials 
required for building a roadmap of sustainable phosphorus management. It does highlight some current 
knowledge gaps which need to be filled by both academia and industry, but it would have been good to have seen 
more vigour here. Just what are the areas that need more intervention and what should be done and by whom? 
One would expect these key questions to be addressed, even if they are subject to various 'what if?' extrapolations 
that take us to a range of possible scenarios.   
However, despite the criticisms the book makes an excellent contribution by summarising the current phosphorus 
issues faced by the world. It will be a key reference text for all working or having an interest in this field. It may 
seem the book raises more questions than it answers, but such is the path which must be taken to achieve 
sustainable phosphorus management. 
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Chapter 1: Comparison of ISSA & PSSC 
1.1 P Release from ISSA & PSSC 
Table 1 below displays the full list of acid extraction experiments which have been completed on incinerated 
sewage sludge ash (ISSA) and pyrolysis sewage sludge char (PSSC). As can be seen the experiments cover a large 
range of H2SO4 acid molar concentrations [0.0000183M – 1M], with the range 0.19M – 1M being the focus for the 
majority of extraction on ISSA and PSSC. In addition to varying the molar concentrations, the contact time was 
varied between 30 minutes and 24 hours, meaning the solid/acid solution were mixed for 30 minutes or 24 hours. 
Also, three liquid/solid (L/S) ratios were examined, 5, 10 and 20. An L/S ratio of 5 means 400 ml of H2SO4 acid 
solution and 80g of solid were mixed together. Likewise, an L/S ratio of 10 = 400ml acid and 40g solid, while L/S of 
20 = 400ml acid and 20g of solid. 
The methods for these experiments can be found in previous 6 month reports. Essentially, the ISSA or PSSC solid 
was mixed together with H2SO4 solution in a conical flask for either 30 minutes or 24 hours depending on the 
experiment being conducted. Any of the parameters; molar concentration, contact time and L/S ratio were varied 
for each experiment. Following mixing, the solutions were filtered to separate solids and liquids. The liquids were 
immediately sent to Thames Water’s accredited Spencer House laboratories for analysis. The solids were dried in 
an oven for 24 hours and then brought to Spencer House for analysis. The full list of analysis for liquids and solids 
are detailed in table 2 below. To ensure reliable data, each experiment was conducted in duplicate or triplicate 
depending on equipment available. The results of these experiments are outlined in the subsequent sections.  
Table 39: List of All Experiments Conducted at Selected Parameters 
  Number of Experiments Conducted at Parameter 
  Parameter Beckton Crossness Pyrolysis Grand Total 
L/S Ratio 5 12 12 23 47 
Acid conc. 0.19 4 4 4 12 
Contact time 24 hours 2 2 2 6 
  30 mins 2 2 2 6 
Acid conc. 0.3 4 4 4 12 
Contact time 24 hours 2 2 2 6 
  30 mins 2 2 2 6 
Acid conc. 0.5 2 2 2 6 
  Number of Experiments Conducted at Parameter 
  Parameter Beckton Crossness Pyrolysis Grand Total 
Contact time 30 mins 2 2 2 6 
Acid conc. 0.6 2 2 2 6 
Contact time 30 mins 2 2 2 6 
Acid conc. 0.8 -- -- 5 5 
Contact time 30 mins -- -- 5 5 
Acid conc. 1 -- -- 6 6 
Contact time 30 mins -- -- 6 6 
L/S Ratio 10 12 12 17 41 
Acid conc. 0.19 4 4 4 12 
Contact time 24 hours 2 2 2 6 
  30 mins 2 2 2 6 
Acid conc. 0.3 4 4 4 12 
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Contact time 24 hours 2 2 2 6 
  30 mins 2 2 2 6 
Acid conc. 0.5 2 2 2 6 
Contact time 30 mins 2 2 2 6 
Acid conc. 0.6 2 2 2 6 
Contact time 30 mins 2 2 2 6 
Acid conc. 0.8 -- -- 3 3 
Contact time 30 mins -- -- 3 3 
Acid conc. 1 -- -- 2 2 
Contact time 30 mins -- -- 2 2 
L/S Ratio 20 43 31 22 96 
Acid conc. 0 3 3 -- 6 
Contact time 30 mins 3 3 -- 6 
Acid conc. 0.0000183 3 -- -- 3 
Contact time 30 mins 3 -- -- 3 
Acid conc. 0.00005 3 -- -- 3 
Contact time 30 mins 3 -- -- 3 
Acid conc. 0.0005 3 -- -- 3 
Contact time 30 mins 3 -- -- 3 
Acid conc. 0.001 3 3 2 8 
Contact time 30 mins 3 3 2 8 
Acid conc. 0.005 3 3 2 8 
Contact time 30 mins 3 3 2 8 
Acid conc. 0.05 3 3 2 8 
 
Number of Experiments Conducted at Parameter 
  Parameter Beckton Crossness Pyrolysis Grand Total 
Contact time 30 mins 3 3 2 8 
Acid conc. 0.1 3 -- 2 5 
Contact time 30 mins 3 -- 2 5 
Acid conc. 0.15 3 3 2 8 
 Contact time 30 mins 3 3 2 8 
Acid conc. 0.19 5 5 4 14 
Contact time 24 hours 2 2 2 6 
  30 mins 3 3 2 8 
Acid conc. 0.3 5 5 4 14 
Contact time 24 hours 2 2 2 6 
  30 mins 3 3 2 8 
Acid conc. 0.5 3 3 2 8 
Contact time 30 mins 3 3 2 8 
Acid conc. 0.6 3 3 2 8 
Contact time 30 mins 3 3 2 8 
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  Grand Total 67 55 62 184 
 
Table 40: List of Analysis for Liquids & Solids in Acid Extraction Experiments 
Liquids Analysis Solids Analysis 
Ammoniacal Nitrogen                      N Total (Dry Weight)                     
Ammonium as NH4                          - 
Phosphorus Total by ICP        Phosphorus Total (Dry Weight)            
P  SOL Reactive (PO4-P)                           - 
pH  - 
Aluminium                Aluminium (Dry Weight)                   
Cadmium                                  Cadmium (Dry Weight)                     
Chromium                                 Chromium (Dry Weight)                    
Copper                                   Copper (Dry Weight)                      
Iron  Iron (Dry Weight)                        
Manganese  Manganese (Dry Weight)                   
Nickel                                   Nickel (Dry Weight)                      
Zinc                                     Zinc (Dry Weight)                        
Arsenic  Arsenic (Dry Weight)                     
Calcium                                  Calcium (Dry Weight)                     
Magnesium                                Magnesium (Dry Weight)                   
Potassium                                Potassium (Dry Weight)                   
- Lead (Dry Weight)                        
1.1.1 Effect of Molar Concentration on P Extraction 
Figure 2 displays that as the acid molar concentration increases, the % P extraction increases also, until a plateau is 
eventually reached. The ISSA samples plateau at a lower acid concentration than the PSSC. Therefore, the PSSC 
sample was mixed with acid of higher concentrations until a plateau was reached. However, the highest 
percentage extraction was achieved by ISSA at lower acid concentrations compared to PSSC. Figure 3 shows that 
after acid leaching, there is still more P contained within the PSSC particles, compared to the ISSA. It may be 
appropriate to apply an additional acid leaching step to remove this remaining P from the PSSC. The P content of 
the liquid solution resulting from the acid leaching of PSSC is much lower than that for ISSA. Similar trends are 
exhibited for experiments conducted at lower L/S ratios, as shown in Appendix A. Certainly, higher acid molar 
concentrations yields greater release of P, but a cost/benefit analysis much be conducted to determine if the cost 
of acid justifies the amount of P released. 
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Figure 98: % P Extraction at L/S 20, contact time 30 mins, various acid concentrations 
 
 
Figure 99: Solid P concentration at L/S 20, contact time 30 mins, various acid concentrations 
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Figure 100: Liquid P concentration at L/S 20, contact time 30 mins, various acid concentrations 
While it can be seen that the P extracted from PSSC is less than that extracted from ISSA, the metal content 
remaining in the PSSC is considerably less than ISSA, as shown for Cr, Cu and Ni displayed in figures 5, 6 and 7. 
 
Figure 101: Liquid Cr concentration at L/S 5, 10 & 20, contact time 30 mins, various acid concentrations 
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Figure 102: Liquid Cu concentration at L/S 5, 10 & 20, contact time 30 mins, various acid concentrations 
 
 
Figure 103: Liquid Ni concentration at L/S 5, 10 & 20, contact time 30 mins, various acid concentrations 
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1.1.2 Effect of Liquid/Solid Ratio on P Extraction 
It can be seen from figure 5, that the higher the L/S ratio, the higher the % P extracted. This is true across the 
board for acid molar concentrations of 0.19M, 0.3M, 0.5M, and 0.6M. A dip in %age P extracted is experienced for 
the PSSC at higher acid molar concentrations between L/S 10 and 20. The reduction in released P with lower L/S 
ratio may be due to a saturation of the solution. At higher L/S ratios there is more liquid available for the P from 
the solid to be leached into. The surface contact between acid and PSSC or ISSA particles would also be reduced at 
the lower L/S ratios, reducing P extractions. However, upon viewing figure 7, at lower L/S ratios greater 
concentrations of P are released into solution, most significantly at acid concentrations of 0.5M, 0.6M, 0.8M, and 
1M. This effect must be investigated more in depth to determine the reasons these effects. At lower L/S ratios, the 
amount of acid to be used is significantly reduced, making the process of P extraction more economically viable.  
 
Figure 104: % P Extraction at L/S 5, 10 & 20, contact time 30 mins, various acid concentrations 
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Figure 105: Solid P concentration at L/S 5, 10 & 20, contact time 30 mins, various acid concentrations 
 
 
Figure 106: Liquid P concentration at L/S 5, 10 & 20, contact time 30 mins, various acid concentrations 
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1.1.3 Effect of Contact Time on P Extraction 
As shown in figure 8, there is a slight, if inconsistent increase in extracted P from an increased contact time of 30 
minutes to 24 hours. Following 24 hours mixing (contact time) between the solid and the acid liquid, the PSSC 
particles were broken down into a sandy textured solid, similar in appearance to the ISSA. One of the benefits in 
recovering P from PSSC is that the solid has potential to be reused as an adsorption media following acid leaching. 
After 30 minutes contact time, the PSSC solid is slightly reduced in size and could be reused as an adsorption 
media. Upon 24 hours mixing, the PSSC would be unusable as an adsorption media as it is now a sandy consistency 
and would be more difficult to reuse.  
 
Figure 107: % P Extraction at L/S 5, 10 & 20, contact time 30 mins & 24 hrs, 0.19M & 0.3M acid concentrations 
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Figure 108: Solid P concentration at L/S 5, 10 & 20, contact time 30 mins & 24 hrs, 0.19M & 0.3M acid concentrations 
 
 
Figure 109: Liquid P concentration at L/S 5, 10 & 20, contact time 30 mins & 24 hrs, 0.19M & 0.3M acid concentrations 
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1.2 Investigation of PSSC Before & After Acidulation 
1.2.1 Porosimetry Analysis of Char 
Following a report commissioned by the Sludge & Energy team in Thames Water it has been decided that the 
porosimetry of PSSC should be analysed after acid leaching. PSSC has the potential to be used as an activated 
carbon media to remove P from wastewater, or for odour treatment onsite. There is also a potential application as 
a media for the remediation of contaminated land. In order to increase the adsorption of PSSC the material must 
be activated, which is achieved during the acid leaching of solids during the P recovery experiments. The 
porosimetry of the PSSC was analysed before and after acid leaching. If it is possible to reuse the PSSC to remove P 
from wastewater, or other uses, this provides a solution to the dilemma of what is to be done with the solid waste 
following P recovery. 
Table 3 lists the matrix of acidulated solids for which the porosimetry analysis was conducted. An un-acidulated 
sample was analysed along with the acidulated samples as a comparison. Each of the samples were prepared and 
analysed in duplicate. The executive summary from the porosimetry analysis is provided in Appendix B. 
Table 41: PSSC samples for comparison after acid leaching 
 L/S Ratio Contact time Acid 
Conccentration 
Pyrolysis char - - - 
Pyrolysis char 5 30 mins 1M 
Pyrolysis char 10 30 mins 1M 
Pyrolysis char 5 30 mins 0.8M 
Pyrolysis char 10 30 mins 0.8M 
Pyrolysis char 5 30 mins 0.6M 
Pyrolysis char 10 30 mins 0.6M 
Pyrolysis char 5 30 mins 0.3M 
Pyrolysis char 10 30 mins 0.3M 
Pyrolysis char 5 30 mins 0.19M 
Pyrolysis char 10 30 mins 0.19M 
 
1.2.2 SEM Analysis of Char 
It was also decided to conduct SEM analysis on the char before and after acidulation to determine changes in the 
structure of the material. Some of the images are provided below. It can be seen that there is a stark difference 
between the un-acidified and acidified PSSC samples. In the acidified sample at lower acid concentration, long, 
sharp particles can be seen which are not present in the un-acidified samples. Some of these are present in the 
sample acidified at higher acid concentration, but much less. Further analysis must be completed to determine the 
reasons for these differing images. 
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Figure 110: SEM image of un-acidified PSSC - 5kV, x2000 magnification [Same sample as figure 15, different magnification 
area] 
 
 
Figure 111: SEM image of un-acidified PSSC - 5kV, x2000 magnification [Same sample as figure 14, different magnification 
area] 
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Figure 112: SEM image of PSSC L/S 5, contact time 30 mins, 0.19M - 5kV, x2000 magnification 
 
Figure 113: SEM image of PSSC L/S 10, contact time 30 mins, 1M – 5kV, x2000  
 
1.2.3 XRD & XRF Analysis 
XRD and XRF analysis was conducted by Brunel University. The same samples as listed above were examined with 
XRD and XRF analysis. Table 4 displays the P content found in samples. The main components are basanite 
(2CaSO4*H2O), quartz and Whitlockite-like compounds (Ca9X(PO4)7, where X is Iron, preferably, Copper, Hydrogen, 
Aluminium, Nickel, Strontium). Whitlockite appears to be a common mineral found in ISSA and PSSC. 
Table 42: P content of PSSC after acid leaching 
P Content Samples 
High phosphate (≥30%) 1, 2, 15, 16, 19, 20, 21, 22; 
Medium phosphate (~15%) 11, 12, 17, 18; 
Low phosphate (≤ 10%) 3, 4, 5, 6, 7, 8, 9, 10, 13, 14; 
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Chapter 2: Other Activities 
2.1 Publications 
A requirement of the EngD programme is the publication of two double peer-reviewed journal articles. The 
following section outlines the papers written (or underway) and their progress. 
2.1.1 Ecological Economics - Book Review 
The lead author of the book Sustainable Phosphorus Management - A Global Transdisciplinary Roadmap invited 
Prof. Stephen Morse and myself to write a review of the book for the journal Ecological Economics. The book 
review has been accepted for publication, proofs have been completed, and the article is due for publication soon. 
The book review is available in Appendix C. 
2.1.2 IWA Water Science & Technology 
A conference paper was written for an IWA conference held in Nepal in October 2014 (presentation by Dr. 
Devendra Saroj). The conference paper was selected by conference organisers and submitted to the IWA journal, 
‘Water Science and Technology’ for publication. The title of the paper is ‘Effect of Reducing Chemical Dosing to 
Improve Phosphorus Removal and Recovery in a Municipal WWTW’ and is available in Appendix D. This journal 
paper is currently ‘under review’. 
2.1.3 Resource Conservation & Recycling 
A special issue of Resource Conservation & Recycling entitled ‘Losses and Efficiencies in Phosphorus Management’ 
is planned for publication in October 2015. The researcher of this EngD project was invited to write a journal paper 
for the special issue. A workshop was held in Stuttgart on 28th October 2014 with the aim of developing the 
problems/goals of the paper, the methodology, and key messages to be included in the paper. The title of the 
paper is ‘Evaluation of Local and National Effects of Recovering Phosphorus at Wastewater Treatment Plants’, 
available in Appendix E. This journal paper is currently under review. 
2.1.4 International Society for Microbial Ecology 
A paper is currently being written for submission to the journal International Society for Microbial Ecology. The 
paper will focus on the work undertaken describing the effects of changing iron dosing on the EBPR microorganism 
system at Slough STW. Little work has been published detailing the full scale effects of iron dosing on EBPR 
performance and microbial populations. The paper will describe the changing EBPR performance (shown through 
the bio-P experiment procedure available in the two year dissertation) and the variability in EBPR microbial 
populations and their diversity. This paper will be submitted to International Society for Microbial Ecology by May 
2015. The current working title is ‘Variations in EBPR Microorganisms’. 
The paper focuses on the correlations between the parameters included in the figure below. There is still much 
work to be done on investigating the parameters affecting the BNR process. However, a fundamental diagram is 
provided in figure 18, this displays the changes of microorganism order percentage abundance measured as Fe 
dosing is altered. 
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Figure 114: Factors Affecting BNR Process 
 
 
Figure 115: Microorganism order %age abundance present at altering Fe content 
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2.1.5 Journal Paper on Comparison of ISSA & PSSC 
While completing the literature review on ISSA & PSSC it was realised there is very little information available on 
the characterisation of ISSA & PSSC and the comparison of the two solids. Lots of research has been conducted 
into the characterisation of the two solids (XRF, XRD, SEM, sekiya fractionation, water solubility, elemental content 
and acid leachability). It is expected that this research can be written into a useful paper filling the knowledge gap 
identified. 
 
2.2 University Modules 
All University modules have now been completed, with all assignments/exams passed satisfactorily. 
 
2.3 Conferences & Public Engagement 
2.3.1 ESPP Conference Berlin 
The European Sustainable Phosphorus Platform (ESPP) held their bi-annual conference in Berlin this March 2015. A 
portion of the conference focused on ‘success stories’ of P recovery, therefore I was invited to present our success 
with the Ostara P recovery process. The presentation is available below. Following the presentation, a panel 
session was held with members of the audience posing questions and comments. In addition to this presentation, 
a poster was also presented at the conference. 
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Figure 116: ESPP Presentation 
 
2.3.2 Public Engagement 
In December 2014 the Al Jazeera news channel’s documentary series Earthrise aired their documentary on 
phosphorus. The overall theme of the documentary was the role of P in the environment, the paradox of too much 
P (eutrophication) and P scarcity. The portion filmed at Slough focused on P recovery in Slough, the technology and 
its implications for the environment. Another researcher from University of Southampton was interviewed onsite 
to describe the water insolubility and slow nutrient release effects of the Ostara Crystal Green product. The link for 
the documentary is:  
http://www.aljazeera.com/programmes/earthrise/2014/12/recycling-phosphorus-2014121693225616272.html 
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Figure 117: ESPP Poster 
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Chapter 3: Thesis Plan 
Chapter 1: Introduction 
1.1 Introduction 
 1.1.1 Phosphorus formation 
 1.1.2 Phosphorus uses 
1.2 Struvite 
 1.2.1 Bad phosphorus 
 1.2.2 Good phosphorus 
1.3 Drivers for phosphorus recovery 
 1.3.1 Economic 
 1.3.2 Population growth 
 1.3.3 Market fragility 
 1.3.4 Regulatory 
 1.3.5 Resource issues 
 1.3.6 Environmental 
 1.3.7 Operational 
1.4 Research questions 
1.5 Scope & Objectives 
  1.5.1 Scope 
  1.5.2 Objectives 
   1.5.2.1 Phosphorus recovery from sludge liquors 
   1.5.2.2 Phosphorus recovery from ISSA & PSSC 
   1.5.2.3 Sustainable phosphorus management 
1.6 Thesis Outline 
Chapter 2: Literature Review 
 2.1 Phosphorus recovery from sludge liquors 
  2.1.2 Methods of phosphorus recovery 
  2.1.3 Optimisation of struvite precipitation 
  2.1.4 Mass balances 
  2.1.5 Effect of iron dosing 
   2.1.5.1 Struvite recovery efficiency 
   2.1.5.2 EBPR performance 
  2.1.6 Knowledge gaps 
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 2.2 Phosphorus recovery from ISSA & PSSC 
  2.2.1 Phosphorus content & minerals before incineration/pyrolysis 
  2.2.2 Phosphorus content & minerals after incineration/pyrolysis 
  2.2.3 Leaching of phosphorus from ISSA & PSSC 
  2.2.4 Knowledge gaps 
 2.3 Summary 
Chapter 3: Methodology 
 3.1 Gantt chart 
 3.2 Mass balances 
  3.2.1 Site sampling 
  3.2.2 Mass balance calculations 
 3.3 Bio-P experiment 
 3.4 PCR sequencing 
 3.5 Characterisation of ISSA & PSSC 
  3.5.1 XRD analysis 
  3.5.2 SEM analysis 
  3.5.3 Sekiya fractionation 
  3.5.4 Porosimetry of PSSC 
 3.6 P Extraction 
  3.6.1 Acid concentrations 
  3.6.2 L/S ratio 
  3.6.3 Contact time 
 3.7 PHREEQC modelling 
Chapter 4: Effect of Reducing Chemical Dosing to Improve Phosphorus Removal and Recovery in a Municipal 
WWTW 
 4.1 Introduction 
 4.2 Journal Paper 
4.3 Discussion (to connect with other chapters) 
Chapter 5: Evaluation of Local and National Effects of Recovering Phosphorus at Wastewater Treatment Plants 
 5.1 Introduction 
 5.2 Journal Paper 
5.3 Discussion (to connect with other chapters) 
Chapter 6: Variations in EBPR Microorganisms in Wastewater Treatment plants 
 6.1 Introduction 
Sustainable P Recovery from Waste  Appendix D – Forty-two Month Report 
D-311 
 6.2 Journal Paper, with additional discussion to connect with other chapters   
 6.3 Discussion (to connect with other chapters) 
Chapter 7: Characterisation & Extraction of P from ISSA & PSSC 
 7.1 Introduction 
 7.2 Journal Paper 
 7.3 Discussion (to connect with other chapters) 
Chapter 8: Discussion: Sustainable P Management 
 8.1 Introduction 
 8.2 Economics of phosphorus recovery 
 8.3 Market effects on phosphorus recovery 
 8.4 Potential to meet UK phosphorus fertiliser demand 
 8.5 Summary 
Chapter 9: Discussion 
 9.1 Introduction 
 9.2 Effects of iron dosing 
 9.3 Effects of phosphorus recovery 
 9.4 Characterisation & extraction of phosphorus from ISSA & PSSC 
 9.5 Sustainable phosphorus management 
 9.6 Summary 
Chapter 10: Conclusions 
 10.1 Introduction 
 10.2 Effects of iron dosing 
 10.3 Effects of phosphorus recovery 
 10.4 Characterisation & extraction of phosphorus from ISSA & PSSC 
 10.5 Sustainable phosphorus management 
 10.6 Summary 
Chapter 11: Further Research 
Appendix A: Supplementary Results 
Appendix B: 6 Month Reports 
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Appendix A: Acid Leaching Results 
 
Figure 118: % P Extraction at L/S 10, contact time 30 mins, various acid concentrations 
 
Figure 119: Solid P concentration at L/S 10, contact time 30 mins, various acid concentrations 
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Figure 120: Liquid P concentration at L/S 10, contact time 30 mins, various acid concentrations 
 
Figure 121: % P Extraction at L/S 5, contact time 30 mins, various acid concentrations 
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Figure 122: Solid P concentration at L/S 5, contact time 30 mins, various acid concentrations 
 
Figure 123: Liquid P concentration at L/S 5, contact time 30 mins, various acid concentrations 
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Appendix B: Porosimetry Executive Summary 
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Appendix C: Sustainable P Management – Book Review 
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Abstract 
Phosphorus (P) is a finite natural resource which is imported from phosphate mines for use as fertiliser. The 
recovery of P from wastewater treatment works (WWTW) as struvite fertiliser can help alleviate the reliance on 
imported P and close the P loop nationally. Sludge remaining from biological nutrient removal is high in PO4-P, but 
simultaneous chemical P removal can produce an insoluble ferric phosphate which is not bioavailable for recovery 
as struvite. Reducing chemical P removal improves BNR capacity to remove P biologically; increases PO4-P 
concentrations across the site; increases struvite fertiliser recovery rates; and decreases sludge cake volume. 
Keywords: Phosphorus recovery; Phosphorus removal; Struvite 
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Introduction 
Phosphorus (P) is an essential nutrient for all living organisms and is a critical component of fertiliser (Ashley, et al., 
2011). However, P is a non-renewable resource which has no substitutes in the environment. There is growing 
concern over the future of P rock reserves, especially as the world’s population grows (Ashley, et al., 2011). In 
2009, the UK imported 77 kt P/year for use as fertiliser (Cooper & Carliell-Marquet, 2013). P recovery from waste 
can help alleviate reliance on imported P. In order to meet the demand for P fertiliser, P recovery from wastewater 
treatment works (WWTW) is ideal. In 2009 UK WWTW received 55 kt of P contained in wastewaters (Cooper & 
Carliell-Marquet, 2013). The production of fertiliser from WWTW can help reduce reliance on imported P fertilisers 
and help close the P loop nationally. 
Additionally, excess P discharges in surface waters have been highlighted as a major eutrophication concern under 
the European Water Framework Directive. Due to the stringent discharge targets, biological and chemical 
processes have been developed to remove nutrients from wastewater (Doyle & Parsons, 2002). The biological 
nutrient removal system (BNR) is an established P removal technology in WWTW in which P removal is achieved by 
the uptake and removal of P by polyphosphate accumulative microorganisms (PAO) in an anaerobic-aerobic 
sequence (Hu, et al., 2012; Henze, et al., 2008). The activated sludge produced from the BNR process is rich in PO4-
P (Wentzel, et al., 2008). However, the reliability and stability of BNR is of concern as deterioration in performance 
can lead to violations of discharge consents (Oehmen, et al., 2007). A practical solution to meet effluent standards 
is to supplement biological P removal with chemical P removal (de Haas, et al., 2000). Ferric chloride (FeCl3) is a 
common chemical coagulant used to remove soluble P into insoluble ferric bound phosphate compounds which 
are precipitated into sludge. These insoluble ferric phosphates are not biologically available for the recovery of P as 
struvite (MgNH4PO4·6H2O) fertiliser (Ofverstrom, et al., 2011; De-Bashan & Bashan, 2004; Rittmann, et al., 2011). 
In order to increase the availability of P for recovery as struvite, the simultaneous chemical removal of P must be 
reduced to allow more P to become freely bioavailable as PO4-P for recovery as struvite. 
Struvite is a white crystalline substance composed of magnesium ammonium phosphate in equi-molar 
concentrations. Struvite forms according to the equation: 
Mg2+ + NH4+ + PO43- + 6H2O → MgNH4PO4·6H2O(s) (1) 
Due to the removal of nutrients from wastewater, waste sludge contains high concentrations of P, N and Mg. 
Anaerobic digestion (AD) of BNR sludge releases high quantities of Mg and PO4-P, which coupled with high 
concentrations of NH4 in wastewater make conditions ideal for the formation of struvite (Jaffer, et al., 2002). 
Struvite is a nuisance in WWTPs as it forms a hard deposit on the inside of pipes and pumps. This results in 
increased maintenance effort (and cost) to remove deposits (Doyle & Parsons, 2002). Controlling struvite 
formation reduces the concentrations of PO4-P returning to the head of works (HoW). The BNR system is 
improved, allowing the site to meet PO4-P effluent discharge consents more easily (Bilyk, et al., 2011). The 
production of a struvite fertiliser provides an additional revenue stream for WWTW.  
A case study of Slough STW, UK if used to examine the preparations involved for the installation of a P recovery 
system. The P recovery system installed at this WWTW was designed for a PO4-P concentration of 100 mg/l, but 
due to the introduction of chemical P removal onsite, this PO4-P concentration has dropped drastically, with the 
effect of significantly reducing the struvite fertiliser recovery rate to approximately 40-50%. Simultaneous FeCl3 
dosing must be reduced to increase the PO4-P available for recovery as struvite fertiliser. A gradual decrease in 
FeCl3 dosing allows the microorganisms to adjust to the new environment and repopulate until they are capable of 
removing P to achieve discharge standards without the aid of FeCl3 addition. 
The objective of this research is to investigate the effects of FeCl3 dosing on the WWTW and its implications on 
struvite fertiliser recovery. The effects of FeCl3 reduction being monitored include: the remediation of the BNR 
system to remove P biologically, the consequent increase in PO4-P concentrations entering the P recovery system 
(improving struvite fertiliser recovery rates); the adjustment in influent PO4-P at the HoW due to internal recycle 
streams; and the reduction of sludge cake volumes. While information is available reporting the recovery of P from 
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WWTPs, there has been little published work on the preparation of full scale WWTP prior to the recovery of P. This 
research acts as a precursor to the recovery of P from sludge, describing the importance of preparing sites prior to 
the installation of P recovery systems. 
 
Methods 
Slough STW 
Slough STW serves a population equivalent of approximately 238,000. A significant proportion of this PE is 
industry, including food packaging and confectionary producers. Slough STW also accepts imported sludge from 
other smaller STW located nearby.  
 
Figure 124: Process diagram of Slough STW 
Originally, wastewater was treated solely using a BNR process. However, within six months of commissioning the 
BNR plant, Slough STW suffered problems with struvite precipitation in the pipeline between the digested sludge 
holding tank and centrifuge. The centrate lines and pumps had become restricted to such an extent that it was no 
longer possible to transfer sludge to the centrifuge for dewatering (Jaffer, et al., 2002). In order to suppress PO4-P 
release in the BNR process, FeCl3 was dosed into the HoW immediately prior to the aeration phase of the BNR 
process. Iron ions in solution react with PO4-P producing insoluble metal phosphates (Crutchik & Garrido, 2012). 
The metal salt precipitates phosphorus into sludge, thereby removing the potential for struvite formation in the 
digester (De-Bashan & Bashan, 2004).  
Research carried out by Jaffer et al., (2002) in Slough STW, recognised that P recovered in the form of struvite is a 
commercially viable product. Following from this Ostara were contracted to install their nutrient recycling process 
in Slough STW. By displacing PO4-P from the sludge network into a struvite fertiliser, the PO4-P returned to the 
HoW and moved throughout the site will be reduced. 
Bio-P Experiment 
A bio-P experiment was conducted on BNR sludge to observe the capacity of microorganisms to remove P from 
wastewater. P release and P uptake are measured during induced anaerobic and aerobic phases of two hours 
duration each. Volatile suspended solids (VSS) are measured at the start of the anaerobic phase, at the end of the 
anaerobic phase and at the end of the aerobic phase. PO4-P was measured every ten minutes during the 
experiment. Specific P release and specific P uptake (mg PO4-P/g VSS) are calculated using equations 2 and 3. 
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Results and Discussion  
Effect of FeCl3 on BNR process 
The results presented describe the effects the reduction of FeCl2 has on the capacity of microorganisms in the 
activated sludge process to remove PO4-P from wastewater. Simultaneous chemical P removal is commonly used 
in activated sludge systems to supplement biological P removal. However, simultaneous chemical precipitation 
may have a deleterious effect on biological P removal (de Haas, et al., 2000). The addition of FeCl3 results in a 
reduction in pH values creating an environment which is unsuitable for the normal metabolic activity of most 
microorganisms in the BNR system (Caravelli, et al., 2010). As the pH of the system approaches that for normal 
metabolic activity the specific PO4-P release and PO4-P uptake of microorganisms increased. 
Table 1: Multiple linear regression analysis of specific P release predictors 
Coefficientsa 
Model Unstandardized 
Coefficients 
Standardized 
Coefficients 
t Sig. 
B Std. Error Beta 
1 (Constant) 10.980 1.985  5.531 .000 
Fe concentrations in BNR 
sludge (mg/kg) 
.000 .000 -.920 -4.557 .001 
Average Temperature (°C) .071 .071 .192 1.009 .339 
Average Rainfall (mm) -.982 1.020 -.186 -.962 .361 
a. Dependent Variable: Specific P Release (mg PO4-P/g VSS) 
 
Table 2: Multiple linear regression analysis of specific P uptake predictors 
Coefficientsa 
Model Unstandardized 
Coefficients 
Standardized 
Coefficients 
t Sig. 
B Std. Error Beta 
1 (Constant) 17.020 3.079  5.528 .000 
Fe concentrations in BNR 
sludge (mg/kg) 
-.001 .000 -.901 -4.428 .002 
Average Temperature (°C) .126 .110 .220 1.149 .280 
Average Rainfall (mm) -.765 1.582 -.094 -.484 .640 
a. Dependent Variable: Specific P Uptake (mg PO4-P/g VSS) 
 
 It is considered that temperature and rainfall have an effect on the biological system. In order to determine if 
FeCl3 dosing has a greater effect than environmental factors, multiple linear regression analysis was conducted. 
Multiple linear regression analysis allows for the comparison of significance between potential predictors 
(temperature, rainfall and Fe (mg/kg) in SAS) on PO4-P release and PO4-P uptake. Tables 1 and 2 display Fe 
concentrations in BNR sludge exert a significant effect on the biological system, while average temperature and 
average rainfall are not significant factors. The negative beta coefficients (-3.08 and -3.72) defines an inverse 
relationship between PO4-P release and PO4-P uptake. The reduction of Fe returned the pH of the system back to a 
suitable state to allow microorganisms responsible for BNR to repopulate, improving the PO4-P release and PO4-P 
uptake capability. It is generally observed that as Fe concentrations reduce PO4-P release and PO4-P uptake 
increase. From the introduction of the FeCl3 management plan it was expected that PO4-P concentrations in 
centrate would increase as more freely bioavailable PO4-P is present in SAS, due to the reduced presence of PO4-P 
binding Fe. 
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Effect of FeCl3 on PO4-P Concentrations  
The sampling period covers the period prior to changes onsite occurring (October 2011 – November 2012), the 
introduction of an iron management system (January 2013) and the changing of the sampling point due to 
installation of the P recovery process (August 2013). FeCl3 dosing management began in January 2013 in order to 
promote BNR process, to increase PO4-P in centrate for recovery as struvite fertiliser. The FeCl3 dosing was to be 
continuously reduced from January 2013, but due to the restraints of meeting final effluent discharge consents on 
an operational site FeCl3 dosing was occasionally increased. 
Table 3: Average Fe & PO4-P concentrations over various sampling periods 
Description Sampling Period 
Average Fe 
concentration (mg/l) 
Average PO4-P 
concentration (mg/l) 
Entire Sampling Regime 
October 2011 –  
May 2014 
7.67 ± 7.78 67.66 ± 18.1 
Pre-FeCl3 Management 
October 2011 – November 
2012 
4.96 ± 5.27 62.05 ± 7.15 
Post-FeCl3 Management 
January 2013 –  
May 2014 
9.27 ± 8.6 70.55 ± 8.59 
Pre-Sample Point Change 
October 2011 –  
July 2013 
8.56 ± 8.27 64.88 ± 10.19 
Post-Sample Point Change 
August 2013  –  
May 2014 
6.56 ± 7.07 71.07 ± 24.16 
 
From table 3, it can be seen that the Fe concentration after the introduction of the FeCl3 dosing management 
system increased, as opposed to the desired outcome. The concentrations of Fe samples collected from the period 
January 2013 to May 2013 averaged 19.5 ± 7.3 mg/l. The average for this initial period average far exceeds the 
January 2013 – May 2014 average of 9.27 ± 8.6 mg/l. The disparity in averages indicates that approximately five 
months was required to achieve significant reduction of Fe concentrations in centrate. This is due to the recycle of 
Fe throughout the site sludge network and the long residence time of sludge in the AD. Excluding this January to 
May 2013 period the average Fe concentration drops to 6.76 ± 6.89 mg/l. PO4-P concentrations increased 
following the introduction of the FeCl3 dosing management plan as expected. However, it must be established 
whether the introduction of the FeCl3 dosing management plan was indeed responsible for the increasing PO4-P 
concentrations and other external environmental factors were not the cause.  
Multiple linear regression analysis was conducted to determine the relationship between PO4-P and its potential 
predictors. The Fe concentration variable, dummy variables FeCl3 dosing management and sample point change, 
and average temperature and rainfall were analysed for their relationship to PO4-P concentrations in centrate 
during the full sampling period from October 2011 - May 2014.  
Table 4: Multiple linear regression analysis of PO4-P concentrations in centrate 
 
Coefficientsa 
Model Unstandardized 
Coefficients 
Standardized 
Coefficients 
t Sig. 
B Std. Error Beta 
1 (Constant) 60.096 6.558  9.164 .000 
Fe concentration in centrate 
(mg/l) 
-.827 .320 -.342 -2.583 .012 
FeCl3 dosing management 19.683 6.466 .507 3.044 .003 
Sampling point change -7.981 6.086 -.216 -1.311 .194 
Average Temperature (°C) .513 .405 .143 1.267 .209 
Average Rainfall (mm) .153 5.392 .003 .028 .977 
a. Dependent Variable: PO4-P concentration in centrate (mg/l) 
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According to the regression analysis, Fe concentrations and the FeCl3 dosing management are significant 
predictors of PO4-P, while the sample point change, average temperature and average rainfall are not significant 
predictors of PO4-P concentrations. The regression analysis demonstrates that changing Fe concentrations has an 
inverse effect on PO4-P concentrations in centrate, as expected. The introduction of the FeCl2 dosing management 
plan has a positive effect on PO4-P concentrations, increasing concentrations, as intended. The changing of the 
sampling point appears to have low inverse significance on PO4-P concentrations. By moving the sampling point 
closer to the centrifuge and directly to the feed of the P recovery process the PO4-P concentrations decreased 
slightly. The original sampling point was encrusted with struvite containing PO4-P which would have been washed 
off the walls of the pipes increasing PO4-P measured in samples. As new pipes (free from struvite) were installed 
with the P recovery process there was no longer a source of additional PO4-P in the pipe network.= 
Reduction in PO4-P to head of works 
As a result of reducing FeCl3 dosing the PO4-P concentrations across the entire site increased (with the exception of 
influent, imported sludge and final effluent). Reducing the presence of Fe onsite leads to an increase in PO4-P, as 
the metal salt will no longer inhibit the hydrolysis of polyphosphates in the BNR and AD processes (Crutchik & 
Garrido, 2012; Ofverstrom, et al., 2011). 
In Slough WWTW, centrate, SAS liquors and PFT liquors mix together in a recycle stream and returned to the HoW. 
It is estimated that 22.5% of tot.P and 22.3% of PO4-P entering the HoW (before primary settlement tank (PST)) is 
due to return liquor streams from sludge treatment processes. This compares well with 26% total phosphorus 
return percentage reported by Jaffer et al. (2002); PO4 was not reported. Evans’ (2009) report that sludge 
dewatering liquors contribute 20% to the influent phosphorus concentrations. The majority of P in the return 
stream, 40.6% tot.P and 69.8% PO4-P originates from the centrifuge centrate liquors. Upon reducing FeCl3 dosing, 
the contribution of this recycle stream to the HoW increased markedly to 32.9%, with 20.3% of the influent PO4-P 
arising from centrate. This leads to an increase in PO4-P present in the site, enhancing struvite precipitation 
potential (SPP) inside pumps and pipes. The SPP will be reduced by the removal of PO4-P from the site through the 
recovery of struvite fertiliser. 
Reduction in sludge cake volume 
In addition to the increase observed in PO4-P concentrations onsite, a decrease in solids volumes (based on 
suspended solids and dry solids content) across the site occurs. It is estimated using a mass balance approach that 
sludge cake mass can be reduced by a maximum of 1790 kg/day (based on dry solids). Lees et al. (2001) report that 
chemical dosing increased sludge mass by 35-45% when dosing directly into the secondary tank. Ofverstrom et al., 
2011 state that chemical P removal can produce as much as three times more sludge than an un-dosed site. 
Applying this estimation to this WWTW, a reduction in chemical dosing would result in a  reduction in sludge cake 
mass of 1614 kg/day  (Ofverstrom, et al., 2011). The theoretical reduction in sludge cake mass obtained from the 
mass balance agrees quite favourably with calculations based on data obtained from Ofverstrom et al., (2011). 
 
Conclusions 
The research presented describes the effects of the reduction of FeCl3 dosing exert in a WWTW; improved BNR 
microorganism capacity to remove P; increase in PO4-P available for recovery as struvite fertiliser; increase in PO4-
P recycled to the HoW and reduction in sludge cake volume. The deleterious effect of FeCl3 dosing on 
microorganisms responsible for P removal with the subsequent enhancement of BNR capacity by reducing 
chemical dosing is demonstrated. Reducing FeCl3 dosing increases bioavailable PO4-P concentrations in centrifuge 
centrate significantly as insoluble ferric bound phosphate no longer forms. Approximately five months was 
required to achieve a two-fold increase in centrate PO4-P concentrations. This highlights the need to begin the 
FeCl3 weaning process months before the operation of a P recovery plant to achieve best economic recovery rates 
of struvite. The increase in PO4-P concentrations is experienced throughout the site, increasing the PO4-P 
concentrations in recycle stream to the HoW. Upon reducing chemical dosing, sludge cake volume is calculated to 
reduce by 1790 kg/day, providing significant sludge handling savings for the WWTW. 
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The recovery of P as struvite fertiliser benefits the WWTW by improving robustness of BNR capacity to meet P 
discharge consents, increasing struvite fertiliser recovery and reducing sludge handling costs. National recovery of 
P fertiliser will lead to reduced dependence on imported P fertilisers. Recovery of P from WWTW will help create a 
closed P loop society in which national demand for P fertilisers is met locally rather than importing from strained 
phosphate mines. 
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Abstract  
A much discussed method of improving the efficiency of P use and reducing P losses in the environment is to 
recover P from wastewater treatment plants (WWTP) as struvite fertiliser. The main driver for the recovery of P as 
fertiliser from the water industry viewpoint is the reduction in nuisance struvite clogging inside pumps and pipes. 
At suitable conditions, 90% recovery of P from centrifuge centrate stream allows 15.8% total P and 46.1% of PO4-P 
to be removed from influent and transferred into the struvite fertiliser. This gives rise to significant operational 
savings in the WWTP. If similar P recovery technologies were implemented in all large WWTP (>25,000 population 
equivalent) in the UK it would be possible to produce a national P fertiliser stock of 5.8 kt P. In combination with 
this method, if all sludge produced from WWTP underwent advanced energy recovery (incineration/pyrolysis) and 
appropriate P recovery processes applied to residues (ash/char), it would be possible to recover 22.3 kt P/year 
from sludge. Using these two methods of P recovery from WWTP, UK imports of P fertiliser can be significantly 
reduced by 35.5%. P Recovery has beneficial knock-on effects of protecting against eutrophication by reducing 
agricultural P run off into water bodies by 20.5% and decreasing P lost in landfills by 29%. There are few full scale P 
recovery systems in the world and little of their operation or benefits have been reported in literature. This paper 
describes the local and national effects of recovering P as fertiliser at full scale in WWTP in the UK. 
Keywords: phosphorus recovery; phosphorus efficiency; struvite; wastewater treatment plant  
1. Introduction 
P is an essential nutrient for all living organisms; it is also a non-renewable resource (Ashley, et al., 2011). China, 
Morocco, and the USA account for 70% of the world’s phosphate rock supply (INRA, 2014). Less than 1% of the 
phosphate rock supply in the EU arises from within the EU (Oakdene Hollins & Fraunhofer ISI, 2013). As the human 
population booms, P use in the form of fertiliser will increase dramatically (Franz, 2008). However, the global P 
cycle is a “leaky” inefficient supply chain. P is lost through erosion, leaching, crop, and post-harvest distribution 
losses (Clift & Shaw, 2011). While phosphate production may be non-critical, the current reliance on mined 
phosphate rock is economically, environmentally, and socially unsustainable (Scholz, et al., 2014). The UK is reliant 
on phosphate rock imports for food production; a total of 138 kt P was imported into the UK in 2009 (Cooper & 
Carliell-Marquet, 2012). In the EU, approximately 6 million tonnes of phosphate rock is imported each year; in 
2009 P imports declined distinctly to 4 million tonnes (INRA, 2014). This reduction in P imports was due to the 
increase in phosphate rock prices encountered in 2007-2008 (European Commission, 2013). 
78kt of P was imported for use as fertiliser in 2009 with an application rate of 15 kg phosphate/ha (The British 
Survey of Fertiliser Practice, 2014). Since records began in 1983 until 2013, application rates of phosphate fertiliser 
have largely been in decline. The dip in application rates was experienced in 2009 was due to the significant 
increase in phosphate rock prices in 2008. However, application rates have plateaued since 2009 to 18 kg/ha of 
phosphate applied to all crops and grassland (Figure 1) (The British Survey of Fertiliser Practice, 2014).  
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Figure 1: Phosphate fertiliser application rates (kg/ha) [data from British Survey of Fertiliser Practice, 2014] 
The scarcity of phosphate rock can be considered an economic issue (Scholz, et al., 2014). In the EU study of critical 
raw materials, phosphate rock was ranked as 20th in an index of price volatility, gaining a score of 0.85 (scale 
ranging from 0 – 1.5) (Oakdene Hollins & Fraunhofer ISI, 2013). The volatility of P prices can be affected by many 
factors such as bubbles in financial markets, imbalances of supply and demand, and geopolitical effects (Scholz, et 
al., 2014). P recovery from waste resources can help alleviate reliance on imported P and reduce vulnerability to 
fluctuating prices as felt in 2008. Wastewater treatment plants (WWTP) have been recognised as ideal point 
sources from which to recover P in order to reduce P losses in the UK (Barnard, 2007; Cordell, et al., 2011; Guest, 
et al., 2009; Maaß, et al., 2014; Mo & Zhang, 2013). 
P received in wastewaters is primarily generated from human sources, cleaning products and industry 
(Environment Agency, 2012). Human excretions contribute at least 75% to P arising in WWTP; providing a 
perpetual source of P even if P in detergents were banned entirely (Scholz, et al., 2014). Since the implementation 
of the EC Urban Waste Water Treatment Directive (UWWTD) 97/271, many European WWTP must meet P and/or 
N discharge consents. Due to these stringent targets, biological and chemical processes have been developed to 
remove these nutrients from wastewater (Doyle & Parsons, 2002). 
The biological nutrient removal (BNR) system has become an established technology in WWTP to remove P and 
control eutrophication (Hu, et al., 2012). As a result of removing nutrients from wastewater, waste sludge contains 
greater concentrations of P, N, and Mg (Doyle & Parsons, 2002). These elements found in combination, particularly 
in the BNR processes can result in the formation of struvite deposits (Doyle & Parsons, 2002). Struvite is a white 
crystalline substance composed of Mg, NH4, and PO4 in equi-molar concentrations. Struvite forms according to the 
general reaction shown in Equation 1 (Doyle & Parsons, 2002). 
Equation 1: Mg2+ + NH+4 + PO43- + 6H2O  MgNH4PO4.6(H2O) 
Currently, struvite is seen as a nuisance in WWTP because it forms a hard deposit on the inside of pipes, pumps, 
and centrifuges. Struvite formation reduces internal pipe diameters and increases the energy needed to pump 
sludge through the network and gives rise to significantly increased maintenance effort (and hence cost) to 
remove the deposits (Doyle & Parsons, 2002). One such site affected by nuisance struvite formation is Slough 
WWTP - owned and operated by Thames Water; a privatised water utility based in the South of England. Originally, 
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Slough WWTP treated wastewater by a BNR process with the wasted activated sludge being anaerobically digested 
(Jaffer & Pearce, 2004). Anaerobic digestion of BNR sludge releases high quantities of Mg and PO4-P, which 
coupled with high concentrations of NH4 in wastewater results in the formation of struvite (Jaffer, et al., 2002). 
Within six months of commissioning the BNR plant, Slough WWTP suffered problems with struvite precipitation. 
The pipeline between the digested sludge holding tank and centrifuge, in particular the centrate lines and pumps 
had become restricted to such an extent that it was no longer possible to transfer sludge to the centrifuge for 
dewatering (Jaffer, et al., 2002). In order to suppress PO4-P release, FeCl3 was dosed immediately prior to the 
aeration phase of BNR process to reduce nuisance struvite formation and supplement meeting regulatory 
discharge consents. Fe ions in solution react with PO4-P producing insoluble metal phosphates (Crutchik & Garrido, 
2012). The metal salt precipitates P into sludge, thereby removing the potential for struvite formation in the 
digester (De-Bashan & Bashan, 2004). 
However, a more expedient method to reduce struvite formation rather than Fe dosing is to recover P as struvite 
fertiliser. The removal of P as struvite fertiliser reduces the amount of P recycling through the site, diminishing the 
potential for struvite to clog pumps and pipes (Jeanmaire & Evans, 2001). However, struvite can be the basis of a 
slow-release P, N, and Mg fertiliser. P and N are primary nutrients for plants while Mg is an important secondary 
nutrient (Tucker, 1999). P recovered as slow release struvite fertiliser would improve the efficiency of P use in the 
environment (De-Bashan & Bashan, 2004). Due to the uncertainty of the future of P and P fertilisers, increasing the 
efficiency of P is an absolute requirement (Scholz, et al., 2014). 
While the chemistry of struvite precipitation is well known there is little published information describing the 
impacts of full scale P recovery on WWTP and indeed the potential impact of P recovery via struvite on the P 
budget in the UK. The objective of this paper is to firstly address knowledge gaps concerned with the local effects 
of P recovery from a WWTP based near Slough, England. This is achieved by presenting mass balance describing 
the movement of P throughout the WWTP both without and with P recovery. P recovery not only provides local 
direct and indirect benefits for the WWTP, but also improves P flows throughout the UK. The associated relevant 
national effects of P recovery for the UK are presented including the effects of P recovery on UK P imports and 
flows. 
 
2. Materials and Methods 
2.1 Study Area 
Slough WWTP serves a population equivalent (PE) of approximately 238,000. A significant proportion of this PE is 
industry, including food packaging and confectionary producers. Up to 10 tonnes of sludge per day is imported into 
Slough WWTP from nearby smaller Thames Water WWTP for sludge treatment. Slough WWTP is similar to many 
other biological P removal sites across the UK and Europe which suffer problems of struvite precipitation which 
could be resolved by recovering P as struvite fertiliser. A process flow diagram of Slough WWTP is presented in 
Figure 1. When the P recovery system is not operational centrifuge centrate (flow ‘P’) joins flow ‘S’ directly. When 
operating, centrate (flow ‘P’) enters the P recovery system, splitting into struvite fertiliser (flow ‘Q’) and effluent 
from P recovery (flow ‘R’). 
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Figure 2: Process flow diagram of Slough WWTP. Letters refer to flow measurement points set out in Table 1. 
Table 1: Flows in Slough WWTP 
Sampling Points Flow ± Standard Error  (m3/day) 
A – Crude sewage 60822 ± 1771 
B – Crude sewage + recycle stream 62412 ± 1792 
C – Primary settlement tank effluent liquid 61563 ± 1767 
D – Primary settlement tank effluent sludge 849 ± 25 
E – Picket fence thickener sludge 451 ± 16 
F – Picket fence thickener dewatering liquors 398 ± 24 
G – Imported sludge 232 ± 20 
H – Final effluent 60822 ± 1771 
J – Surplus activated sludge (SAS) 585 ± 60 
K – SAS belt sludge 99 ± 9 
L – SAS belt dewatering liquors 493 ± 51 
M – Sludge feed to anaerobic digestion 782 ± 27 
N – Anaerobic digestion sludge 736 ± 45 
O – Sludge cake 36 ± 4 
Sustainable P Recovery from Waste  Appendix D – Forty-two Month Report 
D-328 
P – Centrifuge centrate 700 ± 26 
Q – Struvite fertiliser (Only for P recovery) 1 ± 0.5 
R – P recovery return stream (Only for P recovery) 699 ± 26 
S – Recycle stream to head of works 1590 ± 58 
 
2.2 Data Collection and Production of WWTP Mass Balances 
In order to create the original mass balance 24 hour composite samples were obtained at three sampling points 
(crude sewage Flow ‘B’, settled sewage Flow ‘C’, and final effluent Flow ‘H’) using auto-samplers, all other samples 
obtained were ‘grab’. Samples were sent to UKAS 17025 accredited Thames Water Laboratories for analysis, where 
among others total P, PO4-P, and suspended solids (SS) were measured. Averages and standard errors for each 
parameter at each sampling point were calculated. The following equations were used to calculate total P and 
soluble P (PO4-P) in kg/day as depicted in the mass balances in subsequent figures. 
Equation 2: P mass flows (kg/day) for liquid streams = P (mg/l) × flow (m3/day) / 1000 
Equation 3: P mass flows (kg/day) for sludge streams = P (%) × flow (m3/day) × 10 
Mass flows were calculated across each unit process using equations 4, 5 and 6, where Mn = kg/day, Qn = m3/day, 
Cn = mg/l (Figure 3, primary settlement tank used as an example). 
Equation 4: M1 = M2 + M3 
Equation 5: Mn = Qn∙Cn 
Equation 6: Q1∙C1 = Q2∙C2 + Q3∙C3 
 
Figure 3: Mass calculations; M1 – crude influent, M2 – primary sludge, M3 – primary settlement tank effluent 
2.3 WWTP Scenario Modelling 
Mass balances were calculated using Microsoft Excel and figures input into STAN 2.5 (subSTance flow ANalysis 
software version 2.5.1103) to create Sankey diagrams depicting P mass flows. The original mass balance produced 
in Microsoft Excel as created from sampling was modified to produce WWTP scenarios both with and without P 
recovery. Figures 4, 5, 7 & 8 describe the movement and accumulations of P around Slough WWTP both with and 
without P recovery operating to remove P from the site as struvite fertiliser. In the original mass balance without P 
recovery centrate is recycled directly back to the head of the WWTP at Flow ‘R’. In the mass balance with P 
recovery PO4-P concentrations in centrate (Flow ‘P’) are reduced by the precipitation of struvite fertiliser (Flow ‘Q’) 
before centrate is returned to the head of works (Flow ‘R’). The P recovery mass balance is based on the same 
calculations as the non-P recovery mass balance, but with the inclusion of the P recovery unit. Masses were 
calculated as a percentage of previous masses, therefore changes made cascaded throughout the entire WWTP for 
each scenario investigated. Table 2 indicates the P concentrations of influent flow (Flow ‘P’) and effluent flow 
(Flow ‘R’) as measured at sampling points around the P recovery process. Mass balances are calculated based upon 
Primary 
Settlement 
Tank 
M1 
M2 
M3 
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these measured (in one scenario calculated) P concentrations. Crude sewage influent and imported sludge 
characteristics were assumed to remain constant in each scenario. 
Table 2: Influent (flow ‘P’) and effluent (flow ‘R’) characteristics of P recovery system 
 No P recovery 90% PO4-P removal, 74.5% Total 
P removal (Potential) 
64 ± 2% PO4-P removal, 43 ± 3% 
Total P removal (Achieved) 
Influent/Effluent of P 
Recovery System 
Total P (mg/l) PO4-P (mg/l) Total P (mg/l) PO4-P (mg/l) Total P (mg/l) PO4-P (mg/l) 
Influent (flow ‘P’) 207.0 193.0 207.0 
(measured) 
193.0 
(measured) 
101.4 ± 5.5 
(measured) 
93.0 ± 5.6 
(measured) 
Effluent (flow ‘R’) n/a n/a 52.89 
(calculated) 
19.3 
(calculated) 
54.6 ± 4.5 
(measured) 
31.3 ± 2.0 
(measured) 
 
Cooper & Carliell-Marquet’s (2012) substance flow analysis (SFA) model was used as a basis to produce scenarios 
depicting effects of P recovery in WWTP on UK P flows. This SFA was based on 2009 flows of P through the UK 
hence each scenario investigated is based on this year. Five different P recovery scenarios are presented, with 
varying degrees of recovery from none to “best case scenario”. Each flow was calculated as a percentage of 
previous flows based on circular iterations, therefore changes made cascaded throughout the whole P SFA for each 
scenario investigated. Imported food and feed, and imported non-food commodities, were assumed to remain 
constant as well as fertiliser use. 
 
3. Results and Discussion 
3.1 Need for P Recovery in WWTP 
Figures 4 & 5 depict P movement and accumulation in the WWTP when the P recovery process is not operating to 
remove P from the site as struvite fertiliser. The highest influent total P and PO4-P concentration entering the P 
recovery system at flow P were 207.0 mg/l and 193 mg/l respectively as measured on 8th August 2014. On this 
date, the P recovery system was not operating due to operational site issues; resulting in these high P 
concentrations being recycled through the WWTP network, exacerbating the struvite precipitation problem. The 
mass balances in Figures 3 and 4 illustrate that 31.0% of total P and 44.4% of PO4-P entering the head of the works 
(Flow ‘B’) was due to P present in the return liquor stream containing dewatering liquors from three sludge 
treatment processes (Flow ‘S’). This return percentage is greater than those reported in literature with Jaffer et al. 
(2002) quoting a 26% total P return percentage and Evans’ (2009) reporting sludge dewatering liquors contribute 
20% to the influent total P concentrations. This accumulated P is recycled in the WWTP requiring retreatment and 
removal along with the influent P through each process. This accumulated excess P, and more specifically PO4-P, in 
the WWTP exacerbates the formation of nuisance struvite in pumps and pipes. The mass balance also indicates 
that 56.9% of total P and 77.1% of PO4-P in the return stream (Flow ‘S’) originates from centrate liquors (Flow ‘R’). 
Due to the high proportion of centrate in return liquors, the centrate stream has long been recognised as an ideal 
point from which to recover P to reduce the struvite precipitation across the WWTP (Jaffer & Pearce, 2004). 
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Figure 4: Total P mass balance - Without P recovery [All units kg/day] 
 
Figure 5: PO4-P mass balance – Without P recovery [All units kg/day] 
3.2 Effect of Maximum P Recovery on WWTP 
As described in section 3.1, the highest centrate concentrations achieved to date in Slough WWTP were 207 mg/l 
total P and 193 mg/l PO4-P, but the P recovery system was not running on this date. Had P recovery been possible 
on this date with these concentrations, up to 90% removal of PO4-P could have been achieved (Lycke, 2015). 
Taking losses associated with the P recovery process into account, 74.7% of PO4-P is transferred from the centrate 
stream into the struvite fertiliser (Lycke, 2015). The recovery and removal of P as struvite fertiliser reduces the 
recycle of P around the WWTP network. By removing PO4-P as struvite fertiliser, a reduction in total P is achieved 
because the PO4-P partition of total P is removed. In order to calculate the percentage removal of total P with 
struvite recovery a plot of PO4-P removal against total P removal for known previous operation of the P recovery 
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system was produced in Figure 6. Fitting the data to a best fit trend line produces an exponential trend line with R2 
value 0.5448 and equation y = 0.0736e2.5712x. Inserting 0.9 (90% PO4-P removal) into the equation of trend line in 
place of variable X calculates a total P removal of 74.5% when PO4-P removal reaches 90%. 
Figures 7 & 8 depict the reduction in total P and PO4-P achieved by producing struvite fertiliser from sludge 
dewatering centrate in Slough WWTP. Operating the P recovery process at maximum P removal (90%) allows 
15.8% total P and 46.1% of PO4-P to be removed from influent P (Flow ‘A’ and Flow ‘G’) and transferred into the 
struvite fertiliser for removal from site. More importantly for the operation of the site, removing P as struvite 
fertiliser results in a reduction in contribution of the recycle stream (Flow ‘S’) to flow B from 31.0% to 18.7% total P 
and from 44.4% to 20.7% PO4-P (based on no P recovery at high P concentrations). This is a decrease of 15.2% total 
P and 29.5% PO4-P from mass balances presented in Figures 3 and 4. This reduction of P recycling significantly 
reduces the P load across each process, reducing the potential for struvite precipitation in pumps and pipes. 
Notably, a significant decrease in P load to the biological nutrient removal (BNR) process is achieved. This 
reduction in P load increases the BOD5/P ratio; providing the BNR process with additional buffer capacity to 
remove P biologically and meet final effluent discharge consents (Jeanmaire & Evans, 2001). Final effluent (Flow 
‘H’) total P reduced by 16.4% with PO4-P reducing by 44.4%. If maximum P recovery were achieved for an entire 
year, the revenue generated from the sale of struvite fertiliser would reach approximately £20,000/year. This 
revenue stream combined with other site specific savings (as described in subsequent sections) provides relevant 
drivers for the recovery of P from WWTP. 
 
Figure 6: PO4-P removal versus total P removal 
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 Figure 7: Total P mass balance – With P recovery [All units kg/day] 
 
Figure 8: PO4-P mass balance – With P recovery [All units kg/day] 
3.3 Effects of P Recovery Achieved in WWTP 
Figures 7 & 8 describe the movement and reduction of P in the site as result of maximum removal of 90% P as 
struvite fertiliser, but such removal rates have not yet been achieved in Slough WWTP. There are various site 
specific reasons for this; too much Fe dosing leading to suppression of PO4-P concentrations; P recovery system 
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not operational; centrifuge not operating to allow centrate flow into P recovery system. Over one year of 
operation, an average of 64±2% of PO4-P removal from centrate using the P recovery process was achieved. As 
presented in Table 3, at lower P removal rates significantly less total P and PO4-P are removed from the influent 
streams into struvite fertiliser, as production of fertiliser is much less. At this lower production of fertiliser, total P 
falls from 108 kg/day to 33±2 kg/day while PO4-P falls from 101 kg/day to 35±3 kg/day. At this lower rate of P 
recovery, centrate liquors contribute in excess of 50% PO4-P present in recycle stream (Flow ‘S’). However, a 
reduction in P load to recycle stream is still achieved by removing a smaller percentage of P as struvite fertiliser. 
The reduction in contribution of recycle stream (Flow ‘S’) to flow B is due to the fact that P concentrations in the 
site were approximately half those experienced when higher P concentrations were achieved, providing greater P 
recovery rates. 
Table 3: Effect of P recovery on percentage contributions to WWTP Flows 
 No P recovery 90% PO4-P removal, 
74.5% Total P removal 
(Potential) 
64 ± 2% PO4-P removal, 
43 ± 3% Total P removal 
(Achieved) 
 Total P PO4-P Total P PO4-P Total P PO4-P 
Contribution of recycle stream to 
flow B 
31.0% 44.4% 18.7% 20.7% 18.9 ± 0.4% 14.8 ± 1% 
Centrate liquor (flow R) contribution 
to recycle stream (flow S) 
56.9% 77.1% 28.5% 22.8% 28.8 ± 1.5% 57.9 ± 1.5% 
P removed from influent (flows A + G) 
into struvite fertiliser 
n/a n/a 15.8% 46.1% 4.8 ± 0.2% 20.2 ± 1.4% 
 
3.4 Reduction in Sludge Cake Volume 
In order for P recovery to operate more efficiently, FeCl2 solution was reduced in the site to generate an increase 
in free soluble P concentrations. Fe present in the sludge system binds P as an insoluble compound which is not 
available for recovery as struvite. Chemical P removal is known to increase sludge volume over biologically 
produced sludges. Brett, et al., (1997) report an increase of 30% in chemical sludges over biologically produced 
solids, while Ofverstrom, et al., (2011) state a threefold increase in sludge volume (depending on the site of 
chemical dosing). Similar to Ofverstrom et al.’s (2011) estimates, Thames Water (2009) state an increase in overall 
sludge production of 2.5 × average FeCl2 dose (kg Fe/day). At the beginning of this research, 6000 kg FeCl2 solution 
per day was dosed to reduce struvite precipitation and suppress odours onsite. According to Thames Water 
standards, only 1 mg/l Fe is required to reduce odours, which equates to 616 kg FeCl2/day. Therefore, FeCl2 dosing 
can be reduced by 1965 tonnes/year, which will provide chemical cost savings of up to £100,000. Maaß et al. 
(2014) found the reduction in flocculating agent in their research site contributed to 51% of cost reduction 
achieved by recovering P from the WWTP. 
Reducing FeCl2 dosing to 1 mg/l (required for odour removal) would result in a reduction in sludge cake volume 
production. Over a one year period, 21,440 m3 of FeCl2 dosed sludge was removed to agricultural land from Slough 
WWTP. Sludge cake production would reduce to approximately 17,768 m3/year with continued reduction of FeCl2 
dosing to the minimum required for odour removal. For each m3 sludge cake produced water companies must pay 
for loading, hauling, stockpiling, and spreading of sludge to agricultural land. Reducing sludge cake volumes by 
those estimated would reduce sludge handling costs up to £75,000.  
In addition to the reduction in sludge volume achieved by reducing FeCl2 dosing, P recovery results in a reduction 
of sludge cake volume (Maaß, et al., 2014). The percentage water in the sludge matrix is decreased as the 
dewatering characteristics of sludge are improved (Maaß, et al., 2014). The removal of P from the site as struvite 
exerts a slight reduction in sludge volume of approximately 25.55 m3/year in Slough WWTP. With continued P 
recovery, it is expected that this figure will increase. 
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3.5 Reduction in Sludge Cake Total P 
Sewage sludge production is increasing in the UK due to increased population, sewerage connections and 
enhanced treatment (Charlton, et al., 2012). With increasing volumes of sludge cake produced, more agricultural 
land must be found on which to apply sludge cake. P vulnerable zones are becoming more prevalent due to 
historical P contained in the land bank, limiting the land on which sludge cake can be applied. (Jeanmaire & Evans, 
2001) England and Wales have no legislation as yet concerning P application to land; the only regulation affecting 
this is indirectly through N restrictions from the Nitrates Directive. However, when sludge application is limited by 
N, this results in an excess of P in soils which can become an issue (Amery & Schoumans, 2014). Agriculture is 
estimated to be responsible for 30-50% of P pollution contributing to environmental and water treatment 
problems (Kay, et al., 2012). According to DEFRA in 2013 there was a surplus of 7.2 kg/ha of P for managed 
agricultural land; an increase of 3% compared to 2012 (DEFRA, 2014).  
The recovery of P from the centrate stream results in a small reduction of sludge cake total P content destined for 
agricultural land. At a P recovery rate of 90%, total P content was reduced from 0.81% to 0.68% total P based on 
percentage dry solids (DS). With continued recovery of P sludge cake total P % content is expected to decrease 
further. This will allow an increase in the proportion of land to which sludge cake can be safely applied to improve 
the efficiency of P use and reduce effects of eutrophication caused by runoff from agricultural land. The surplus of 
P in agricultural land can be more effectively managed by removing excess P from WWTP as struvite fertiliser. This 
struvite fertiliser can be applied to land as a more efficient source of slow release P for agricultural. Slow release 
fertilisers have low leach rates, slowly releasing nutrients during the growing seasons (De-Bashan & Bashan, 2004). 
3.6 National Potential for P Recovery 
The UK imports a total of 138 kt P/year and exports 23.5 kt P/year resulting in a net import of approximately 114.5 
kt P/year (Cooper & Carliell-Marquet, 2012). This demonstrates the UK food production system is heavily reliant on 
imported P and therefore vulnerable to fluctuating phosphate rock prices (Cooper & Carliell-Marquet, 2012). One 
method to reduce reliance on imported P fertiliser is to produce fertiliser from waste resources within countries 
with sufficient infrastructure to do so. 96% of the UK’s population are connected to sewerage systems, which 
collect over 11 billion litres of wastewater from homes, municipal, commercial, and industrial sources (DEFRA, 
2012). Collected wastewater contains between 0.5 – 1.2 kg P per person per year depending on typical diets for 
the regions (Schroeder, et al., 2009). The current population of the UK is approximately 64.1 million people; 
therefore, UK WWTP can accumulate between 32.05 – 76.92 kt P each year. By ‘mining’ this P from WWTP 
resources, it is possible to produce our own national stock of P rich fertiliser, reducing dependence on imported P 
fertiliser. 
3.7 National Effects of P Recovery from WWTP 
According to Cooper and Carliell-Marquet (2012), in 2009 UK WWTP received 55 kt P. The majority of this P 
accumulated in agricultural land or water bodies, a smaller proportion is composted/disposed, while another 
portion was incinerated and landfilled (Cooper & Carliell-Marquet, 2012). There is great potential within each of 
these waste streams for the recovery of P. Other than sludge application to land, there is no recycling of P for 
fertiliser use in the UK. Figure 9 shows an adapted version of Cooper & Carliell-Marquet (2012) substance flow 
analysis (SFA) model of P flows in the UK based on data from 2009. In each scenario analysis conducted in this 
research, it was assumed fertiliser applied to agricultural land remains constant at 72.0 kt P /year and that fertiliser 
recovered from WWTP is in a slow release format, e.g. struvite. 
Using the current P recovery technology under review, it is possible to transform approximately 15% of influent 
total P from WWTP into the struvite fertiliser product. 80% of total P accumulating in wastewaters arises in large 
WWTP of >25,000 PE (Cooper, 2014). Assuming it is possible to recover 15% of influent total P at these larger 
WWTP, 5.8 kt P/year as fertiliser can be produced within the UK to create a national stock of P fertiliser. Figure 10 
displays the modified SFA model to show effects of P recovery on UK P flows. Recovery of 15% influent P at WWTP 
would reduce UK P fertiliser imports by 7.5% based on 2009 P fertiliser imports. The recovery of only 15% P from 
WWTP influent markedly reduces P losses to landfill, disposal, and more importantly water bodies. P losses to 
water bodies reduces by 8.0%, this is due to the improved performance of the WWTP in meeting final effluent 
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discharge consents by reducing P loads on the site. While a small reduction (2.3%) in agricultural land’s stock of P is 
achieved, assuming recovered P fertiliser applied to agricultural land is slow release, improvements in efficiency of 
P use and reductions in P losses to water bodies can be achieved by changing fertiliser used. 
 
Figure 9: SFA of P flows in the UK [All units kt P/year] 
 
Figure 10: SFA of P flows in the UK with 15% P recovery from WWTP [All units kt P/year] 
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3.8 National Effects of P Recovery from WWTP & ISSA 
In addition to recovering P at the WWTP site, P can also be recovered from sludge arising from the treatment of 
wastewaters. In 2009, 5.5 kt P contained within sewage sludge was sent to incineration/landfill. This P is either 
futilely lost to landfill or is leached into water bodies worsening eutrophication. Using appropriate technologies, 
such as PASH, it is possible to recover up to 90% of this P contained within incinerated sewage sludge ash (ISSA)  
(Cleaner Production Germany, 2015). Assuming 15% of influent P to WWTP has been recovered, 4.8 kt of P remain 
in landfill arising from WWTP wastes (Figure 11). Recovering 90% of this P contained in ISSA equates to a recovery 
of 4.4 kt P/year. In combination with P recovered from wastewaters, this results in a national P fertiliser stock of 
10.2 kt P/year. This would result in a reduction in imported P fertiliser of 13.2%. Recovering P from ISSA would 
significantly decrease P losses to landfill by 31.5% per year based on 2009 data. The P stream from WWTP to 
landfill is no longer lost, but is instead injected back into the P system, helping close the P loop nationally. Indeed, 
other sludge advanced energy recovery (AER) options are available which produce waste streams from which P can 
be recovered, e.g. pyrolysis or gasification. 
 
Figure 11: SFA of P flows in the UK with 15% P recovery from WWTP & 90% P recovery from ISSA [All units kt P/year] 
As depicted in the SFA models, a small amount of P is lost to compost/disposal each year. It may be possible to 
combine this sludge with sludge destined for incineration. Diverting this sludge from disposal to AER processes 
(e.g. incineration/pyrolysis) would increase potential P to be captured from sludge. Combining these two P flows 
results in 7.9 kt P/year influent to incineration/AER. At 90% P recovery, 7.1 kt of P per year can be turned into 
fertiliser, reducing P fertiliser imports by 16.6% (based on 2009 imports). Recovering 15% P from WWTP influent 
and 90% P from incinerated sewage sludge and composted sewage sludge ashes results in a national P fertiliser 
stock of 12.9 kt P/year. 
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Figure 12: SFA of P Flows in the UK with 15% P recovery from WWTP & 90% P recovery from ISSA & composted sludge [All units kt P/year] 
Perhaps one of the greatest potential flows from which to recover P is the sewage sludge P flow to agricultural 
land. The 2009 SFA model shows the second largest flow of P from WWTP is to agricultural land. While this is 
indeed useful P recycling, there are inefficiencies in this system, with nearly 50% of P flow from WWTP to 
agricultural land subsequently lost to water bodies. A more beneficial long term solution to achieving a closed loop 
P system is to extract P from manure/sludge (Bateman, et al., 2011). While precipitation of struvite from 
manure/sludge is possible, a potentially more convenient and economically viable method is to process sludge 
using AER technologies onsite and transport residues to a central facility for P recovery. Assuming all sewage 
sludge undergoes AER process, the combined P recovered from sewage sludge ash for use as fertiliser is 22.3 
kt/year. Tallying this together with P recovery from influent to WWTP, results in a national P fertiliser stock of 27.5 
kt P/year. This would have the effect of significantly reducing P fertiliser imports by 35.5% based on 2009 import 
data. Diverting sewage sludge application from agricultural land to AER process with P recovery reduces losses of P 
to water bodies that exacerbate the problem of eutrophication. Diversion of sewage sludge P away from 
agricultural land results in a reduction of P losses to water bodies by 20.5%.  
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Figure 13: SFA of P Flows in the UK with 15% P recovery from WWTP & 90% P recovery from ISSA & composted sludge & sludge to 
agricultural land [All units kt P/year] 
 
Figure 14: Potential P fertiliser recovery from WWTP and associated wastes 
The graph presented in Figure 14 depicts the rising potential to produce P rich fertiliser from WWTP and its 
associated waste streams. Based on 2009 P flows as much as 27.5 kt P fertiliser can be produced in the UK, 
meeting 35.5% of P fertiliser used in the UK. However, the amount of sludge produced varies year to year. 
According to DEFRA (2012) in 2010 1.4 million tonnes of sewage sludge was produced in the UK, this sludge could 
be diverted to AER processes creating a large resource of waste from which to recover P. Incineration of sewage 
sludge reduces its mass by up to 90%; assuming all sewage sludge was anaerobically digested prior to incineration 
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this leaves 140,000 tonnes of incinerated sewage sludge ash containing 8.2 – 14.3% P (Thygesen & Johnsen, 2010). 
At this level of sewage sludge production and processing, between 11.5 – 20 kt P could have been recovered from 
sewage sludge in 2010. Adding this to P recovered from WWTP influent equates to 17.3 – 25.8 kt P production for 
fertiliser use in 2010. The UK population is projected to increase to 73.2 million by 2035; this will lead to increased 
P arising in WWTP and increased sewage sludge production (Office for National Statistics, 2011). As wastewater 
treatment processes improve, greater amounts of sewage sludge will be produced containing recoverable P year 
upon year. Wastewater presents a ceaseless source of P accumulating in a point source location ideal for recovery. 
3.9 Potential Savings from Recovering P 
At the current high and volatile rate of imported phosphate fertiliser recovering P from waste resources represents 
a significant saving to the UK agriculture industry. Nationally produced fertiliser would presumably involve lower 
import taxes and transportation costs. In December 2014 triplesuperphosphate (TSP) prices were £256.30/tonne 
while diammonium phosphate (DAP) prices reached £293.77/tonne (Indexmundi, 2015). Struvite fertiliser contains 
approximately 12.62% P, along with N and Mg which are useful for plant growth. Assuming 27.5 kt of P was 
recovered and transformed into struvite, it is possible to produce 218 kt struvite fertiliser per year. Estimating that 
struvite fertiliser would cost somewhere between TSP and DAP prices would lead to a reduction of imported P 
fertiliser costs by £60 million per year for the UK. This also creates a new market for recovered P fertiliser in the 
UK. This new source of P and associated market would reduce the market control held by the few phosphate 
producers dominating the market. 
3.10 From Local to National Effects of P Recovery 
Assuming ISSA has been stockpiled in the same location in landfills, it may be possible to mine older ISSA for 
untapped P resources – reducing historic P losses and increasing P fertiliser stocks in the UK. Maaß et al. (2014) 
also recognise the advantages in combining P recovery from WWTP and thermally treated sludges. Struvite 
precipitation at WWTP reduces operational problems associated with uncontrolled struvite precipitation, while 
higher yields of P can be recovered from thermally treated sludges. 
According to Lundin et al. (2004) the spreading of sludge to agricultural land is an unfavourable sludge disposal 
option from an environmental viewpoint. Energy is required for the transportation and spreading of sludge to land, 
whereas thermal treatment of sludge produces energy. This production would be increased if all sludge from 
WWTP were thermally treated at central facilities rather than the current system of dispersion of sludge to various 
points. Spreading of sludge to land releases acidifying substances and heavy metals which accumulate in soils 
(Lundin, et al., 2004). In economic terms, spreading of sludge to land is a cheaper disposal option compared to 
thermal treatment options. However, revenue can be produced from the marketing of P rich fertiliser created from 
wastes of sludge AER processes. Currently, water companies do not gain any revenue from the application of 
sludge to agricultural land.  
P recovery from WWTP and reused as a fertiliser practiced on a large scale can ensure that P is reused for 
maximum economic gain while also benefitting the environment. The production of a national fertiliser stock 
would reduce the UK reliance on imported P. Reducing this demand would allow more P to become available for 
countries which do not yet have the infrastructure to recover P from waste. Reducing P demand by producing P 
fertiliser nationally would also provide some protection from dramatic increases in P prices as felt in 2008. The 
market power currently exerted through the concentration of P resources would be lessened with the production 
of P locally (Seyhan, et al., 2012). Reducing imports of P fertiliser would reduce the carbon footprint and P 
distribution losses associated with importing P from outside the EU. An evaluation of local and national effects of P 
recovery from national WWTP are summarised in the flow diagram presented in Figure 15. 
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Figure 15: Evaluation of local & national effects of P recovery from WWTP 
 
4. Conclusions 
WWTP are ideal sources from which to recover P. However, the benefits of P recovery must outweigh the costs to 
entice water companies to recover P. The evaluation of full scale P recovery in the WWTP in question describes the 
operational and savings benefits to be achieved by water companies. 90% P recovery allows 15.8% total P and 
46.1% of PO4-P to be removed from influent and transferred into the struvite fertiliser product. Beneficially for the 
operation of the site, removing P as struvite fertiliser results in a reduction in contribution of the recycle stream to 
influent flows from 31.0% to 18.7% total P and from 44.4% to 20.7% PO4-P. This reduces the amount of P requiring 
retreatment, improving process performance, allowing the WWTP to meet final effluent discharge consents more 
easily. In order for P recovery to operate more efficiently, FeCl2 solution dosing was reduced in the site to generate 
an increase in free soluble P concentrations. For this WWTP, FeCl2 solution dosing can be reduced by 
approximately 1965 tonnes/year, which provides chemical cost savings of up to £100,000. Sludge cake volume can 
be reduced by approximately 3,672 m3/year; representing a reduction in sludge handling costs of £75,000. The 
operational, maintenance and transport savings alone are factors which would influence the full scale recovery of 
P from WWTP. These savings along with the sale of struvite fertiliser provide an attractive economic basis for 
water companies to recover P from WWTP. In order for the recovery of P to become more widespread, the 
business opportunities must be demonstrated at full scale. 
At a P recovery rate of 90%, total P content was reduced from 0.81% to 0.68% total P based on percentage dry 
solids. With continued recovery of P, sludge cake total P % content is expected to decrease further. This will allow 
an increase in the proportion of land to which sludge cake can be applied and reduce eutrophication caused by 
runoff from agricultural land. However, the surplus of P in agricultural land can be more effectively managed by 
removing excess P from WWTP as struvite fertiliser. This struvite fertiliser can be applied to land as a more 
efficient source of slow release P for agricultural. In addition, sludge could be diverted away from agricultural land 
and processed through AER, producing a waste from which P can be recovered in central facilities. 
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Using appropriate technologies, it is possible to recover 15% P from WWTP influent and 90% P from waste 
residues remaining from the combination and processing of all sludge through AER. Adding the potential P 
recovery from two methods would result in a national fertiliser P stock of 27.5 kt P/year. This recovery would 
reduce P fertiliser imports in the UK by 35.5% (based on 2009 P flows). Recovery of P from all WWTP in the UK 
would have beneficial knock-on effects of protecting against eutrophication by reducing agricultural P run off into 
water bodies by 20.5% and decreasing P lost in landfills by 29%. This would reduce dependence on primary 
phosphate sources and provide some protection from volatile P prices. The recovery of P from WWTP 
substantiates both economically and environmentally for UK water companies and the UK as a whole. 
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